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PREFACE TO THE SECOND EDITION 


I am pleased to present the Second edition of this book. The warm reception, which the 
previous edition of the book has enjoyed all over India, has been a matter of great satisfaction to 
me. 

The book has been thoroughly revised, besides adding a new chapter (No. 22) on “Short 
Answer Questions” to enable the students to prepare more effectively for Practical Viva-vdce 
Examinations and Interviews. 

Any suggestions for improvement of this book will be thankfully acknowledged and 
incorporated in the next edition. 


—Author 
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PREFACE TO THE FIRST EDITION 


This treatise on “Internal Combustion Engines” ( Including gas turbines) contains 
comprehensive treatment of the subject matter in a simple, lucid and direct language. It envelops 
a large number of solved problems properly graded including typical worked examples from 
examination point of view. 

The book comprises 21 chapters. All chapters are saturated with much needed text, 
supported by simple and self explanatory figures. At the end of each Chapter-Highlights, 
Objective Type Questions, Theoretical Questions and Unsolved Examples have been 
added; besides this a “Question Bank” containing “Additional Objective T^pe Questions 
(with Answers and Solution—Comments)”, “Theoretical Questions with Answers and 
“Additional Typical Examples ( Including Universities and Competitive Examination 
Questions)” have been included to make the book a comprehensive and a complete unit m all 
respects 

The book will prove to be a boon to the students preparing for engineering undergradu¬ 
ate, A.M.I.E., post graduate, U.P.S.C. and other competitive examinations. 

The author’s thanks are due to his wife Ramesh Rajput for extending all cooperation 
during preparation of the manuscript and proofreading. 

In the end the author wishes to express his gratitude to Shri R.K. Gupta Chairman, 
Sh. Saurabh Gupta, Managing Director, Laxmi Publications Pvt. Ltd., New Delhi for taking a 
lot of pains in bringing out the book with very good presentation in a short span of time. 

Although every care has been taken to make the book free of errors both in text as well as 
in solved examples, yet the author shall feel obliged if any errors present are brought to his 
notice. Constructive criticism of the book wiU be warmly received. 


—Author 
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Basic Concepts of Thermodynamics 


1 . 1 . Definition of thermodynamics. 1.2. Thennodynamic systems—System, boundary 
and surroundings—Closed system—Open system—Isolated system—Adiabatic system— 
Homogeneous system—Heterogeneous system. 1.3. Pure substance. 1.4. Thermodynamic 
equilibrium. 1.5. Properties of systems. 1.6. State. 1.7. Process. 1.8. Cycle. 1.9. Point 
function. 1.10. Path funption. 1.11. Temperature. 1.12. Zeroth law of thermodynamics. 
1.13. Pressure—Definition of pressure—Unit for pressure—Types of pressure measurement 
devices. 1.14. Reversible and irreversible processes. 1.15. Energy, work and heat—Energy— 
Work and heat. 1.16. First law of thermodynamics. 1.17. The perfect gas—The characteristic 
equation of state—Specific heats—Joule’s law—Relationship between two specific heats— 
Enthalpy—Ratio of specific heats. 1.18. Steady flow energy equation (S.F.E.E.)—Energy 
relations for flow process. 1.19. Limitations of first law of thermodynamics. 
1.20. Performance of heat engine and reversed heat engine. 1.21. Statements of second law 
of thermodynamics—Clausius statement Kelvin-Planck statement. 1.22. Entropy— 
Introduction—Temperature entropy diagram—Characteristics of entropy. 1.23. The third 
law of thermodynamics. 1.24. Available and unavailable energy—Highlights—Objective 
Type Questions—Theoretical Questions. 


1.1. DEFINITION OF THERMODYNAMICS 


Thermodynamics may be defined as follows : 

Thermodynamics is an axiomatic science which deals with the relations among heat, work 
and properties of system which are in equilibrium. It describes state and changes in state of 
physical systems. 

Or 


Thermodynamics is the science of the regularities governing processes of energy conver¬ 
sion. 


Or 


Thermodynamics is the science tnat deals with the interaction between energy and mate¬ 
rial systems. 

Thermodynamics, basically entails four laws or axioms known as Zeroth, First, Second and 
Third law of thermodynamics. 

— the First law throws light on concept of internal energy. 

— the Zeroth law deals with thermal equilibrium and establishes a concept of temperature. 

— the Second law indicates the limit of converting heat into work and introduces the 
principle of increase of entropy. 

— third law defines the absolute zero of entropy. 

These laws are based on experimental observations and have no mathematical proof. Like 
all physical laws, these laws are based on logical reasoning. 


1 



■1 
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INTERNAL COMBUSTION ENGINES 


1.2. THERMODYNAMIC SYSTEMS 


1.2.1. System, Boundary and Surroundings 

System. A system is a finite quantity of matter or a prescribed region of space (Refer Fig. 1 . 1 ) 

f° UI ^ ai 7* ^ actual or hypothetical envelope enclosing the system is the boundary of 
the system. The boundary may be fixed or it may move, as and when a system containing a gas is 
compressed or expanded. The boundary may be real or imaginary. It is not difficult to envisage a 
real boundary but an example of imaginary boundary would be one drawn around a system con- 
sishng °1 me trash mixture about to enter the cylinder of an I.C. engine together with the remanants 
ot the last cylinder charge after the exhaust process (Refer Fig. 1.2). 


Surroundings 



Boundary 


Fig. 1 . 1 . The system. 


Cylinder 


Real 

V boundary 

rX^JL , 


r— Convenient 
imaginary 
I boundary 


1 System 
f Piston 


tsY" 


Piston 


System 


Fig. 1.2. The real and imaginary boundaries. 


1.2.2. Closed System 

Refer Fig. 13. If the boundary of the system is impervious to the flow of matter, it is called 
a closed system. An example of this system is mass of gas or vapour contained in an engine 
cylinder^ the boundary of which is drawn by the cylinder walls, the cylinder head and piston 
crown. Here the boundary is continuous and no matter may enter or leave. 



System 


Mass not necessarily 
constant 



Fig. 1.3. Closed system. Fig. 1 . 4 . Open system. 

1.2.3. Open System 

Refer Fl S- A® °P en system is one in which matter flows into or out of the system. Most 
ot the engineering systems are open. 
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1.2.4. Isolated System 

An isolated system is that system which exchanges neither energy nor matter with any 
other system or with environment. 

1.2.5. Adiabatic System 

An adiabatic system is one which is thermally insulated from its surroundings. It can, 
however, exchange work with its surroundings. If it does not, it becomes an isolated system. 

Phase. A phase is a quantity of matter which is homogeneous throughout in chemical 
composition and physical structure. 

1 .2.6. Homogeneous System 

A system which consists of a single phase is termed as homogeneous system . Examples : 
Mixture of air and water vapour, water plus nitric acid and octane plus heptane. 

1.2.7. Heterogeneous System 

A system which consists of two or more phases is called a heterogeneous system. Examples : 
Water plus steam, ice plus water and water plus oil. 

1.3. PURE SUBSTANCE 

A pure substance is one that has a homogeneous and invariable chemical composition even 
though there is a change of phase. In other words, it is a system which is (a) homogeneous in 
composition, (6) homogeneous in chemical aggregation. Examples ; Liquid, water, mixture of liquid 
water and steam, mixture of ice and water. The mixture of liquid air and gaseous air is not a pure 
substance. 

1.4. THERMODYNAMIC EQUILIBRIUM 

A system is in thermodynamic equilibrium if the temperature and pressure at all points 
are same ; there should be no velocity gradient ; the chemical equilibrium is also necessary. 
Systems under temperature and pressure equilibrium but not under chemical equilibrium are 
sometimes said to be in metastable equilibrium conditions. It is only under thermodynamic equi¬ 
librium conditions that the properties of a system can be fixed. 

Thus for attaining a state of thermodynamic equilibrium the following three types of equi¬ 
librium states must be achieved : 

1 . Thermal equilibrium. The temperature of the system does not change with time and 
has same value at all points of the system; 

2. Mechanical equilibrium. There are no unbalanced forces within the system or between 
the surroundings. The pressure in the system is same at all points and does not change with 
respect to time. 

3. Chemical equilibrium. No chemical reaction takes place in the system and the chemi¬ 
cal* composition which is same throughout the system does not vary with time. 

1.5. PROPERTIES OF SYSTEMS 

A property of a system is a characteristic of the system which depends upon its state, but 
not upon how the state is reached. There are two sorts of property : 

1. Intensive properties. These properties do not depend on the mass of the system 
Examples : Temperature and pressure. 
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Volume. Extensive properties are often divided by mass associated with them to obtain the inten¬ 
sive properties. For example, if the volume of a system of mass m is V, then the specific volume of 

matter within the system is — = v which is an intensive property. 

1.6. STATE 

Slate is the condition of the system at an instant of time as described or measured by its 
properties. Or each unique condition of a system is called a state. 

„. . * t .£ 0ll0Wi ! the definition of state that each property has a single value at each state. 

Stated differently, all properties are state or point functions. Therefore, all properties are identical 
tor identical states. 

On the basis of the above discussion, we can determine if a given variable is property or not 
by applying the following tests : 

- A variable is a property, if and only if. it has a single value at each equilibrium state. 

- A variable is a property, if and only if. the change in its value between any two pre- 
scribed equilibrium states is single-valued. 

Therefore, any variable whose change is fixed by the end states is a property. 

1.7. PROCESS 

A process occurs when the system undergoes a change in a state or an energy transfer at a 
steady state. A process may be non-flow in which a fixed mass within the defined boundary is 
undergoing a change of state. Example : a substance which is being heated in a closed cylinder 
undergoes a non-flow process (Fig. 1.3). Closed systems undergo non-flow processes. A process 
may be a flow process in which mass is entering and leaving through the boundary of an open 
system. In a steady flow process (Fig. 1.4) mass is crossing the boundary from surroundings at 
en ry, an an equal mass is crossing the boundary at the exit so that the total mass of the system 
remains constant. In an open system it is necessary to take account of the work delivered from the 
surroundings to the system at entry to cause the mass to enter, and also of the work delivered from 
the system at surroundings to cause the mass to leave, as well as any heat or work crossing the 
boundary of the system. 

Quasi-static process. Quasi means ‘almost’. A quasi-static process is also called a re¬ 
versible process. This process is a succession of equilibrium states and infinite slowness is its 
characteristic feature. 

1 .8. CYCLE 

Any process or series of processes whose end states are identical is termed a cycle The 
processes through which the system has passed can be shown on a state diagram, but a complete 
section of the path requires in addition a statement of the heat and work crossing the boundary of 
the system. Fig. 1.5 shows such a cycle in which a system commencing at condition T changes in 
pressure and volume through a path 123 and returns to its initial condition T. 
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1.9. POINT FUNCTION 

When two properties locate a point on the graph (co-ordinate axes) then those properties are 
called as point function. 

Examples. Pressure, temperature, volume etc.' 

r 2 

J dV = V 2 - Vi (an exact differential). 

1.10. PATH FUNCTION 

There are certain quantities which cannot be located on a graph by a point but are given by 
the area or so, on that graph. In that case, the area on the graph, pertaining to the particular 
process, is a function of the path of the process. Such quantities are called path functions. 
Examples. Heat, work etc. 

Heat and work are inexact differentials. Their change cannot be written as difference be¬ 
tween their end states. 

r 2 

Thus J 8 Q * Q 2 ~ Q 1 and is shown as X Q 2 or Q 1-2 
f 2 

Similarly J 5W * W 2 - W v and is shown as X W 2 or Wj _ 2 

Note. The operator 5 is used to denote inexact differentials and operator d is used to denote exact 
differentials. 

1.11. TEMPERATURE 

• The temperature is a thermal state of a body which distinguishes a hot body from a 
cold body. The temperature of a body is proportional to the stored molecular energy i.e. 
the average molecular kinetic energy of the molecules in a system. (A particular molecule 
does not have a temperature, it has energy. The gas as a system has temperature). 







Visit: www.Civildatas.com 











Visit: www.Civildatas.com 



6 

INTERNAL COMBUSTION ENGINES 

• - 

# 1", n0t any VOlume at a «*•*» temperature. This 

absolute zero as basis are called IbsoUteTf^^f"' Th ® * em P eratures measured with 
in degrees centigrade The ™int of at , iT f' AbS ° ,Ute tem P erature is stated 
below the freezing point of ^ter temperature is found to occur at 273.15“C 

Then : Absolute temperature = Thermometer reading in °C + 273.15. 

so ute temperature m degree centigrade is known as degrees kelvin, denoted by K (SI unit). 

1.12. ZEROTH LAW OF THERMODYNAMICS 

• -—- 

fitted with a pressure gauge^R thTre k 1 ^ ° f 3 maSS ° fgaS enclosed in a r >gid vessel 
contact with system ‘2’ a bfock of iron then Stw 7 ™ WheD thiS SyStem iS br ° Ught into 
that the systems 1 and 2 do not reart h ft. wo s ^ s ms are equal in temperature (assuming 

i 




Fig. 1.6. Zeroth law of thermodynamics. 


«• «* «... 1“ ft XTJ'ZZT “ ” r "‘*- »“»* “ 


1.13. PRESSURE 

1.13.1. Definition of Pressure 

Uquid.'^TZt^ P T™ ~ —« to and 

ments that we generally use, however, record pressure as the difference 


•J* 
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between two pressures. Thus, it is the difference between the pressure exerted by a fluid of inter¬ 
est and the ambient atmospheric pressure. Such devices indicate the pressure either above or 
below that of the atmosphere. When it is above the atmospheric pressure , it is termed gauge 
pressure and is positive. When it is below atmospheric, it is negative and is known as vacuum. 
Vacuum readings are given in millimetres of mercury or millimetres of water below the atmos¬ 
phere. 

It is necessary to establish an absolute pressure scale which is independent of the changes 
in atmospheric pressure. A pressure of absolute zero can exist only in complete vacuum. Any 
pressure measured above the absolute zero of pressure is termed an * absolute pressure \ 

A schematic diagram showing the gauge pressure, vacuum pressure and the absolute pres¬ 
sure is given in Fig. 1.7. 

Mathematically : 

(0 Absolute pressure = Atmospheric pressure + Gauge pressure 

Pa\>s. ~~ P atm. ^ P gauge’ 

(ii) Vacuum pressure = Atmospheric pressure — Absolute pressure. 

Vacuum is defined as the absence of pressure. A perfect vacuum is obtained when absolute 
pressure is zero , at this instant molecular momentum is zero . 

Atmospheric pressure is measured with the help of barometer. 



[-; 

k 

Positive 

gauge pressure 

Afn 



Negative gauge P 

pressure or vadium 



_—^Absolute 

4 --- 

pressure 


Zero absolute pressure 


Fig. 1.7. Schematic diagram showing gauge, vacuum and absolute pressures. 

1.13.2. Unit for Pressure 

The fundamental SI unit of pressure is N/m 2 (sometimes called pascal, Pa) or bar. 1 bar 
= 10 6 N/m 2 = 10 5 Pa. Standard atmosphelTc pressure = 1.01325 bar » 0.76 m Hg. 

Low pressures are often expressed in terms of mm of water or mm of mercury. This is an 
abbreviated way of saying that the pressure is such that which will support a liquid column of 
stated height. 


1.13.3. Types of Pressure Measurement Devices 

The pressure may be measured by means of indicating gauges or recorders. These instru¬ 
ments may be mechanical, electro-mechanical, electrical or electronic in operation. 

1, Mechanical instruments. These instruments may be classified into following two groups : 
The first group includes those instruments in which the pressure measurement is made 
by balancing an unknown force with a known force! 

The second group includes those employing quantitative deformation of an elastic member 
for pressure measurement. 
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2. Electro-mechanical instruments. These instruments usually employ a mechanical 
means for detecting the pressure and electrical means for indicating or recording the detected 
pressure. 

3. Electronic instruments. Electronic pressure measuring instruments normally de¬ 
pend on some physical change that can be detected and indicated or recorded electronically. 

1.14. REVERSIBLE AND IRREVERSIBLE PROCESSES 

Reversible process. A reversible process (also sometimes 
known as quasi-static process,) is one which can be stopped at any 
stage and reversed so that the system and surroundings are ex¬ 
actly restored to their initial states. 

This process has the following characteristics : 

1. It must pass through the same states on the reversed path 
as were initially visited on the forward path. 

2. This process when undone will leave no history of events in 
the surroundings. 

3. It must pass through a continuous series of equilibrium 

states. 

No real process is truely reversible but some processes may approach reversibility, to close 
approximation. 

Examples. Some examples of nearly reversible processes are : 

(i) Frictionless relative motion. 

(ft) Expansion and compression of spring. 

(iii) Frictionless adiabatic expansion or compression of fluid. 

(iiO Polytropic expansion or compression of fluid. 

(u) Isothermal expansion or compression. 

(vi) Electrolysis. 



Irreversible process. An irreversible process is one in which heat is transferred through 
a finite temperature. 

Examples : 

( i ) Relative motion with friction (ft) Combustion 

(Hi) Diffusion ( iv ) Free expansion 

(u) Throttling (in) Electricity flow through a resistance 

(vii) Heat transfer (viii) Plastic deformation. 


An irreversible process is usually represented by a dotted (or 
discontinuous) line joining the end states to indicate that the inter¬ 
mediate states are indeterminate (Fig. 1.9). 

Irreversibilities are of two types : 

1. External irreversibilities. These are associated with efts - 
sipating effects outside the working fluid. 

Example. Mechanical friction occurring during a process due 
to some external source. 


PA 


1 

? 

\^^rNonequilibrium 
'\ / states 

.2 


2. Internal irreversibilities. These are associated with efts- v 

sipating effects within the working fluid. Fig. 1.9. Irreversible process. 

Example. Unrestricted expansion of gas, viscosity and inertia of the gas. 
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1.15. ENERGY, WORK AND HEAT 

1.15.1. Energy 

Energy is a general term embracing energy in transition and stored energy. The stored 
energy of a substance may be in the forms of mechanical energy and internal energy (other forms 
of stored energy may be chemical energy and electrical energy). Part of the stored energy may take 
the form of either potential energy (which is the gravitational energy due to height above a chosen 
datum line) or kinetic energy due to velocity. The balance part of the energy is known as internal 
energy. In a non-flow process usually there is no change of potential or kinetic energy and hence 
change of mechanical energy will not enter the calculations. In a flow process, however, there may 
be changes in both potential and kinetic energy and these must be taken into account while 
considering the changes of stored energy. Heat and work are the forms of energy in transition. 
These are the only forms in which energy can cross the boundaries of a system. Neither heat nor 
work can exist as stored energy. 

1.15.2. Work and Heat 

Work 

Work is said to be done when a force moves through a distance. If a part of the boundary of 
a system undergoes a displacement under the action of a pressure, the work done W is the product 
of the force (pressure x area), and the distance it moves in the direction of the force. Fig. 1.10 (a) 
illustrates this with the conventional piston and cylinder arrangement, the heavy line defining the 
boundary of the system. Fig. 1.10 (6) illustrates another way in which work might be applied to a 
system. A force is exerted by the paddle as it changes the momentum of the fluid, and since this 
force moves during rotation of the paddle room work is done. 


Boundary 


two 




mm i 

m 



(a) 



(b) 



Fig. 1.10 

* Work * is a transient quantity which only appears at the boundary while a change of state 
is taking place within a system. "Work " is *something * which appears at the boundary when a 
system changes its state due to the movement of a part of the boundary under the action of a 
force. 

Sign convention : 

• If the work is done by the system on the surroundings, e.g. when a fluid expands pushing 
a piston outwards, the work is said to be positive. 

i.e.. Work output of the system = + W 

• If the work is done on the system by the surroundings, e.g. when a force is applied to a 
rotating handle, or to a piston to compress a fluid, the work is said to be negative. 

i.e.. Work input to system = - W 
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Heat 

Heat (denoted by the symbol Q), may be, defined in an analogous way to work as follows : 
“Heat is ‘something' which appears at the boundary when a system changes its state due to 
a difference m temperature between the system and its surroundings’. 

Heat, like work, is a transient quantity which only appears at the boundary while a change 
IS taking place within the system. 

, 14 ls a PP arent that neither 5W or hQ are exact differentials and therefore any integration of 
the elemental quantities of work or heat which appear during a change from state 1 to state 2 must 
be written as 

= W |_ 2 or ,W 2 (or W), and 
| 6 Q = Q 12 or ,Q 2 (or Q) 

Sign convention ; 

If the heat flows into a system from the surroundings, the quantity is said to be positive 
and, conversely, if heat flows from the system to the surroundings it is said to be negative. 

In other words : 

Heat received by the system = + Q 

Heat rejected or given up by the system = _ Q. 

Comparison of Work and Heat 
Similarities : 

(t) Both are path functions and inexact differentials. 

(u) Both are boundary phenomenon i.e., both are recognized at the boundaries of the system 
as they cross them. 

m Both 816 “sedated with a process, not a state. Unlike properties, work or heat has no 
meaning at a state. 

(iy) Systems possess energy, but not work or heat. 

Dissimilarities : 

(t) In heat transfer temperature difference is required. 

(«) In a stable system there cannot be work transfer, however, there is no restriction for the 
transfer of heat. 

m Tbe a ol e effect external to the system could be reduced to rise of a weight but in the case 
ot a heat transfer other effects are also observed. 

1.16. FIRST LAW OF THERMODYNAMICS 

on or “ .T de t0 Underg ° 8 “ mplete c y cle then net ™rk is done 

be lw ,r^K C " 8 Cy m Wh ' Ch Det WOrk is done ^ the Vstem. Since energy cannot 

system has blenTt ^ , 60 !^ T? ^ be ® SUPP ' ied from some source °f energy. Now the 
hence the mer T T lmtla [ state : Therefore, its intrinsic energy is unchanged, and 
involved te tbfrvH™ TT ^ °. ot , been P rovided by the system itself. The only other energy 
the law of * 7 l 6 18 he8t W u 1Ch WSS 6 up P hed and rejected in various processes. Hence, by 
the law of conservation of energy, the net work done by the system is equal to the net heat 


J 
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to the system. The First Law of Thermodynamics can, therefore, be stated as follows ! 

“When a system undergoes a thermodynamic cycle then the net heat supplied to 
the system from the surroundings is equal to net work done by the system on its 
surroundings. 

or jdQ = jdW 

where ^ represents the sum for a complete cycle. 

The first law of Thermodynamics cannot be proved analytically, but experimental evidence 
has repeatedly confirmed its validity , and since no phenomenon has been shown to contradict it, 
the first law is accepted as a law of nature. It may be remarked that no restriction was imposed 
which limited the application of first law to reversible energy transformation. Hence thfs first law 
applies to reversible as well as irreversible transformations : For non-cyclic process, a more gen¬ 
eral formulation of first law of thermodynamics is required. A new concept which involves a term 
called internal energy fulfills this need. 

— The First Law of Thermodynamics may also be stated as follows : 

“Heat and work are mutually convertible but since energy can neither be cre¬ 
ated nor destroyed, the total energy associated with an energy conversion remains 
constant”. 

Or 

— “No machine can produce energy without corresponding expenditure of en¬ 
ergy, i.e. y it is impossible to construct a perpetual motion machine of first 
kind”. 

1.17. THE PERFECT GAS 

1.17.1. The Characteristic Equation of State 

— At temperatures that are considerably in excess of critical temperature of a fluid, and 
also at very low pressure, the vapour of fluid tends to obey the equation 

= constant = R 

In practice, no gas obeys this law rigidly, but many gases tend towards it. 

An imaginary ideal gas which obeys this law is called a perfect gas , and the equation 

= R, is called the characteristic equation of a state of a perfect gas. The constant R is called 
the gas constant. Each perfect gas has a different gas constant. 

Units of R are Nm/kg K or kJ/kg K. 

Usually, the characteristic equation is written as 

pv = RT ...(1.1) 

or for m kg, occupying V m 3 

pV= mRT ...(1.2) 

— The characteristic equation in another form , can be derived by using kilogram-mole as 
a unit. 

The kilogram-mole is defined as a quantity of a gas equivalent to Af kg of the gas, where M 
is the molecular weight of the gas ( e.g . since the molecular weight of oxygen is 32, then 1 kg mole 
of oxygen is equivalent to 32 kg of oxygen). 
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As per definition of the kilogram-mole, for m kg of a gas, we have 

m = ...(1.3) 

where n = Number of moles. 

Note. Since the standard of mass is the kg, kilogram-mole will be written simply as mole. 

Substituting for m from Eqn. (1.3) in Eqn. ( 1 . 2 ) gives 
pV=nMRT 



According to Avogadro’s hypothesis the volume of 1 mole of any gas is the same as the 
volume of 1 mole of any other gas, when the gases are at the same temperature and pressure 
y 

Therefore, — is the same for all gases at the same value of p and T. That is the quantity ^ is a 
constant for all gases. This constant is called universal gas constant , and is given the symbol, R 0 . 

U ' MR = R 0 = 

° r . P V=nR a T ...( 1 . 4 ) 

Since MR = R Q} then 


T3 _ 

M ...(1.5) 

. 11 has been found experimentally that the volume of 1 mole of any prefect gas at 1 bar and 
0 C is approximately 22.71 m 3 . 

Therefore from Eqn. ( 1 . 4 ), 


R = P— 
nT 


1 x 10° x 22.71 


1x273.15 
8314.3 Nm/mole K 


known USing Eqn (15) ’ the ^ C ° nStant f ° r *** gas can be found when the molecular weight is 
Example. For oxygen which has a molecular weight of 32, the gas constant 


R = Jf = = 259.8 Nm/kg K. 

1.17.2. Specific Heats 

— The specific heat of a solid or liquid is usually defined as the heat required to raise unit 
mass through one degree temperature rise. 

— For small quantities, we have 

dQ = mcdT 

where m = Mass 

c = Specific heat 

dT = Temperature rise. 

For a gas there are an infinite number of ways in which heat may be added between any two 
temperatures, and hence a gas could have an infinite number of specific heats. However only two 
specific heats for gase§ are defined. 

Specific heat at constant volume, c y 
and Specific heat at constant pressure, c p . 
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We have 

dQ - m c p dT For a reversible non-flow process at constant pressure ...( 1 . 6 ) 

and dQ = m c v dT For a reversible non-flow process at constant volume ...(1.7) 

The values of c p and c v , for a perfect gas, are constant for any one gas at all pressures and 

temperatures. Hence, integrating Eqns. (1.6) and (1.7), we have 
Flow of heat in a reversiole constant pressure process 

= mc p (T t -T l ) -d.8) 

Flow of heat in a reversible constant volume process 

= mc„ (T 2 - T,) ...(1.9) 


In case of real gases, c p and c v vary with temperature, but a suitable average value may be 
used for most practical purposes. ^ 

1.17.3. Joule’s Law 
Joule’s law states as follows : 

u The internal energy of a perfect gas is a function of the absolute temperature only . * 
i.e. y u = fVD 

To evaluate this function let 1 kg of a perfect gas be heated at constant volume. 

According to non-flow energy equation, 
dQ = du + dW 

dW = 0, since volume remains constant 
dQ = du 

At constant volume for a perfect gas, from Eqn. (1.7), for 1 kg 
dQ = c v dT 
dQ - du - c u dT 

and integrating u - c u T + K, K being constant. 

According to Joule’s law u = AD, which means that internal energy varies linearly with 
absolute temperature. Internal energy can be made zero at any arbitrary reference temperature. 
For a perfect gas it can be assumed that u = 0 when T = 0, hence constant K is zero. 
i.e. Internal energy, u = c v T for a perfect gas ...(1.10) 

or For mass m, of a prefect gas 

Internal energy, U = mc v T ...(1.11) 

For a perfect gas, in any process between states 1 and 2, we have from Eqn. (1.11) 

Gain in internal energy, 

U 2 - U x = mc v (T 2 - T x ) ...( 1 . 12 ) 

Eqn. (1.12) gives the gains of internal energy for a perfect gas between two states for any 
process, reversible or irreversible. 

1.17.4. Relationship Between Two Specific Heats 

Consider a perfect gas being heated at constant pressure from T x to T 2 . 

According to non-flow equation, 

Q = (U 2 - U t ) + W 

Also for a perfect gas, 

U t -V l =mc o iT 2 -T t ) 

Q - mc v (Fj - 7\) + W 
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In a constant pressure process, the work done by the fluid 

W = p(V 2 _V l ) 

Tv p x V x = mRT x 

= mR(T 2 - T x ) p 2 V 2 = mRT 2 

... Pi = P 2 = P in this case 

On substituting Q = me, (T, - T,) + mtf (T„ - T) = mfc + R) (T - T ) 

But for a constant pressure process, u 21 

e=mc p (T a -r i ) 

By equating the two expressions, we have 
m(c„ + R)(T 2 - r t ) = mejj* _ jy 


c„ + R = Cp 
C p - c„ = R 


Bividing both sides by c v , we get 


ZE. 

c v 


-*■? 


R 

T-l 


(where y = Cp /c„) 

Similarly, dividing both sides by c p , we get 

Y-l 


...0.13) 


..[1.13 (o)] 


...[1.13 (6)] 


In M.K.S. units:c_-c: = j _ 

p % % T$t=T>' c r Ttt.U 

, In SI units the value of J is unity. 

1.17.5. Enthalpy 

~ *5 fun f amenta ' q»-w*itto« Which occur invariably in thermodynamics is the 

Enthalpy 6 ™) W “ d V ° lume product (pu) ' T* 8 8um « called 

** e ** A = u + py 

— The enthalpy of a fluid is the property of the fluid, since it consists of the .nm'nf! 
property and the product of the two properties. Since enthalpy is a property like inter 
al energy pressure, specific volume and temperature, it can be tafroduMd into anv 
problem whether the process is a flow or a non-flow process. 7 

The total enthalpy of mass, m, of a fluid can be 

H - U + pV t where H = mh. 

For a perfect gas, 


Referring equation (1.14), 


i.e., 

and 


s c v T + RT 
= (c 0 + R)T 
= c p T 
h = c p T 
H ~ me T. 


[ v pu - RT] 


fv 


C P = C v + *1 


(Note that, since it has been assumed that u = 0 at T = 0, then A = 0 at T = 0). 
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1.17.6. Ratio of Specific Heats 

given PreS8Ure *° the Spedfic heat at i8 

*’*” . y = 't ...(1.15) 

Since c p = c„ + R, it is clear that c, must be greater than c„ for any perfect gas. It foflows, 

therefore, that the ratio, ^ = y is always greater than unity. 

In general, the approximate values of y are as follows : 

For monoatomic gases such as argon, helium * 1.6. 

Fot diatomic gases such as carbon monoxide, hydrogen, nitrogen and oxygen l 1 4 
For tnatomic gases such as c arbondUmde and sulphur dioxide = 1.3. 

For some hydro-carbons the value of y is quite low. 

[e.g., for ethane y = 1.22, and for isobutane y « 1.11] 


Process 

Index 

n 

Heat added 


\uiui uia; 

p, v, T 
relations 

as; 

Specific heat, c 

Constant 

pressure 

n-Q 

c/Tj-r.) 

/>(u 2 — Vj) 

T 2 _ Pj 

T 1 ”1 

c e 

Constant 

volume 

n = oo 

c/r.-r,) 

0 

T 1 _Pl 
^2 P2 

c o 

Constant 

temperature 

n s=l 

m log, a 
"1 

m loge ^ 

V1 

Pl y l-P 3 y 2 


Reversible 

adiabatic 

n=y 

0 

Pi”! ~ P2»2 

T-l 

fW = iW 

I* .("if 1 

Ti UJ 

Y-l 

■(?)’ 

0 

Polytropic 

Note. Eauai 

n ~n 

tions miiKt. Ko n 

<a(T 2 -Tl) 

-*(e) 

x<T 2 -T x ) 

y-ri 

■-- x work 

T-l 

done (non-flow) 

m-ptp 2 

n -1 

m n =P 2 ‘' 2 n 

ik.fiir 1 

Ti (» 2 J 

-ter 

•■-fe) 
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1.18. STEADY FLOW ENERGY EQUATION (8JF.E.E.) 

In many practical problems, the rate at which the fluid flows through a machine or piece of 
apparatus is constant. This type of flow is called steady flow. 

Assumptions : • 

The following assumptions are made in the system analysis : 

(i) The mass flow through the system remains constant. 

(ii) Fluid is uniform in composition, 

(U£) The onl - v infraction between the system and surroundings are work and heat. 

(iv) The state of fluid at any point remains constant with time. 

(u) In the analysis only potential, kinetic and flow energies are considered. 

,. . ff; 111 sh T • schematic flow P' 0 ™* an open system. An open system is one in 
which both mass and energy may cross the boundaries. A wide interchange of energy may take 
place within an open system. Let the system be an automatic engine with the inlet manifold at the 
first state point and exhaust pipe as, the. second point There would be an interchange of chemical 
energy w the fuel, kinetic energy of moving partides, internal energy of gas and heat transferred 
and shaft work w.thm the system. From Fig. 1.11 it is obvious that if there is no variation of flow 
of mass or energy with time across the boundaries of the system the steady flow will prevail. The 
conditions may pass through the cyclic ur non-cycKe changes within the system. As a result the 

tearing” term8 the SySte ” equals ma8S leav “& 8180 “ergy entering the system equals energy 


Boundary v, = A,!, 



Visit: www.Civildatas.com 


BASIC CONCEPTS OF THERMODYNAMICS 


17 






where 


q2 ' j 

“» + 2 + z ( ? + Pi"i + Q= « 2 + \ +Z ig + pj, J+ W 

q2 2 

(“l + Pi^i) + 2 + Z £ + Q = («2 + p2 v 2 ) + ~2~ + Z zB + w 

CL 2 Q 2 

Aj + 2 + Zg + Q = k 2 + -J- + Z 2 g + W 
If Z 1 and Z 2 are neglected, we get 

e >2 p 2 

a i + ^3-+Q = a 2 +-£-+w 


...(1.16) 


[v h = u + 
pv ] 

V— [1-16 (a)] 


Q - Heat supplied (or entering the boundary) peT kg of fluid ; 

W = Work done by (or work coming out of the boundary) 1 kg of fluid ; 

C - Velocity of fluid ; 

Z - Height above datum ; 
p = Pressure of the fluid ; 
u - Internal energy per kg of fluid ; 
pv a Energy required for 1 kg of fluid. 

This equation is applicable to any medium in any steady flow. It is applicable not only to 
rotary machines such as centrifugal fens, pumps and compressors but also to reciprocating ma- 
chines such as steam engines. 6 

In a steady flow the rate 0 / mass flow of fluid at any section is the same as at any other 
section. Consider any section of cross-sectional area A, where the fluid velocity is C, the rate of 
volume flow past the section is CA. Also, since mass flow is volume flow divided by specific volume. 


Mass flow rate, m = 


CA 


(where v = specific volume at the section) 

This equation is known as the continuity of mass equation. 

With reference to Fig. 1.11. 

m = i=*a^2 

“1 t«a 

1.18.1. Energy Relations for Flow Process 

The energy equation (m kg of fluid) for a steady flow system is given as follows : 

m (“i + % + z rf + Wij + Q= m ^“2 + %- + Z 2 g + p 2 o 2 j + w 


...(1.17) 


...[1.17 (a)] 


Q = m 

Q = m 




+ W 


(u 2 - u x ) + g(Z 2 - z x ) + + (p^ _ p^) 


+ W 






\ 


t 
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where 


= AC/ + APE + AKE + A(pv) + W 
A U - m (u 2 - Uj) 

A PE^mg&z-ZJ 


A KE 


-M 


i.e., 


...(1.18) 


...(1.19) 


Apu = m(p 2 t/ 2 - p^f) 

Q- Af/ = [AHE + AKE + A(pv) + W] 

For non-flow process, Q - A U +W = A U + J pdV 

Q - AU = j* pdV 

1.19. LIMITATIONS OF FIRST LAW OF THERMODYNAMICS 

It has been observed that energy can flow from a system in the form of heat or work. The 
first law of thermodynamics sets no limit to the amount of the total energy of a system which can 
be caused to flow out as work. A limit is imposed, however, as a result of the principle enunciated 
in the second law of thermodynamics which states that heat will flow naturally from one energy 
reservoir to another at a lower temperature, but not in opposite direction without assistance. This 
is very important because a heat engine operates between two energy reservoirs at different tem¬ 
peratures. 

Further the first law of thermodynamics establishes equivalence between the quantity of 
heat used and the mechanical work but does not specify the conditions under which conversion of 
heat into work is possible., neither the direction in which heat transfer can take place. This gap 
has been bridged by the second law of thermodynamics. 


1 .20. PERFORMANCE OF HEAT ENGINE AND REVERSED HEAT ENGINE 

Refer Fig. 1.12 (a). A heat engine is used to produce the maximum work transfer from a 
given positive heat transfer. The measure of success is called the thermal efficiency of the engine 
and is defined by the ratio : 

W 

Thermal efficiency, r\ th = — q 20) 

where W = Net work transfer from the engine, and 
= Heat transfer to engine. 

For a reversed heat engine [Fig. 1,12 (6)] acting as a refrigerator when the purpose is to 
achieve the maximum heat transfer from the cold reservoir, the measure of success is called the 
co-efficient of performance (C.O.P.). It is defined by the ratio : 

Co-efficient of performance, (C.O.P.) re/; = (1 21) 

where Q 2 = Heat transfer from cold reservoir 

W = The net work transfer to the refrigerator. 

For a reversed heat engine [Fig. 1.12 (6)] acting as a heat pump, the measure of success 
is again called the co-efficient of performance. It is defined by the ratio : 
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Co-efficient of performance, (C.O.P.)^^^ = 

where Q 1 = Heat transfer to hot reservoir 

W — Net work transfer to the heat pump. 


...( 1 . 22 ) 



(a) 

(c) Heat engine 



<b) 

(6) Heat pump or refrigerator. 


Fig. 1.12 


... In aJ l the above three cases application of the first law gives the relation Q. - = W and 

this can be used to rewrite the expressions for thermal efficiency and co-efficient of performance 
solely in terms of the heat transfers. finance 


* 1 * 


Qi 


(c o p w - A 

(C.O.P.). , - 

htMpump Q l -Q i 


...(1.23) 


...(1.24) 


...(1.26) 


unity. 


It may be seen that n (A is always less than unity and (C.O.P.)^^ is always greater than 


1 .21. STATEMENTS OF SECOND LAW OF THERMODYNAMICS 

9 . p 1 The . SeC ° n , d If.T ^ermodyn'amics has been enunciated meticulously by Clausius, Kelvin 
and Planck in slightly different words although both statements are basically identical. Each 
statement is based on an irreversible process. The first considers transformation of heat between 
two thermal reservoirs while the second considers the transformation of heat into work. 

1 .21.1. Clausius Statement 

“It is impossible for a self acting machine working in a cyclic process unaided by any 
external agency, to convey heat from a body at a lower temperature to a body at a higher tern- 

JJxZf CLLitfE , 

In other words, heat of, itself, cannot flow from a colder to a hotter body. 
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Visit 

“It is impossible to construct an engine which u,hil<, „ .. 

effeci except to extract heat from a singTZseZola^dn 7 "* B ^ oth er 

Although the Clausius and Kel Jn-P aTckl^t * “ 

1.22. ENTROPY 

1 . 224 . Introduction 

—5 rAarsisiEj " d '- d - -— 

supplied to a^substance aLhigh tem^ratureT^a Va ' UaW ® for .'converting into work. Heat that is 
heat supplied to a substance at S'3e““ t a urT ater P0S8iWlity ° fCOnVerSi0n into "■* 

that heat intoZork. ^iZreZe^nZ^Zt^Zui’’ 1 ^ *1°“'* possibait y of conversion of 
and is greater token heat additionis temperature 

there is minimum availability for conversion into work and Z “mt ^ ^ m<mmum entro Py- 
mum availability for conversion into work .* * ™ f minimum entropy there is maxi- 

«- £“ii h 2 

thermodynamic probability. 6 State ° fmaamum and is one ofmaximu^ 

1 . 22 . 2 . Temperature-Entropy Diagram 

is called temperature 
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fluid receives a small amount of heat dQ in an elementary portion ab of an operation AB when 
temperature is T, and if dQ IS represented by the shaded area of which Tis the mean ordinate, the 

width of the figure must be-^5 . This is called 'increment of entropy’ and is denoted by dS The 

total heat received by the operation will be given by the area under the curve AB and (ft, - ft.) will 
be corresponding increase of entropy. B °A' wm 

From above we conclude that: 

Entropy change, dS= Heat Change (Q) 

• Absolute temperature (7*) 

ccZf n i rOPy alsobtde f ined » the thermal property of a substance which remains 
constant when substance is expanded or compressed adiabatically in a cylinder ”. 

Note. V stands for specific entropy whereas ‘S’ means total entropy (i. e ., S = ms), ) 

1*22.3. Characteristics of Entropy 

The characteristics of entropy in a summarised form are given below : 
or not/' R inCreaSeS Wbe “ heat “ Bupplied respective of the fact whether temperature changes 

2. It decreases when heat is removed whether temperature changes or not. 

3. It remains unchanged in all adiabatic frictionless processes. 

process 4 ' “ if t9mperature ofheat is without work being done as in a throttling 


— 

Table 1.2. Summary of Formulae 

S. No. 

Process 

Change of entropy (per kg) 

1. 

General case 

7j2 

(i) C v log e + Rlog e ~ (in terms of T and i>) 

(it) c v \o g* ^ + c 0 log, (in termsofp and u) 

T 

(iii) c p log t jr -R log, ~ (in terms of T and p) 

2 . 

Constant volume 

T 2 

3. 

Constant pressure 

, T * ' 

C p l °Ze T x 

4. 

Isothermal 

IM 

R log, — 

Zero 

5. 

Adiabatic 

6 . 

Polytropic 



1.23. THE THIRD LAW OF THERMODYNAMICS 

The third law of thermodynamics is stated as follows : 

"The entropy of all perfect crystalline solids is zero at absolute zero temperature". 




Visit: www.Civildatas. 






































LI 


INTERNAL COMBUSTION ENGINES 


Visit: www.Civildatas.com 

The third law of thermodynamics, often referred to as Nernst law, provides the basis for 
the calculations of absolute entropies of substances. 

According to this law, if the entropy is zero at T = 0 , the absolute entropy s . of a substance 
at any temperature T and pressure p is expressed by the expression 


w 


T ' = T n dT h sf 


c ——+ _ 2 '_ + 

ps T T 


f 


'i dT 

c pf + 


bn T c f k 

T g J Tg P* T 


...(1.26) 


where T s = Tf x = T sf - ...for fusion, 

- T g - T fg ~ ...for vaporisation, 

c ps * c pf> c p g - Constant pressure specific heats for solids, liquids and gas, and 
^sf> bfg = Latent heats of fusion and vaporisation. 

Thus by putting s = 0 at T = 0 , one may integrate zero kelvin and standard state of 298.15 K 
and 1 atm., and find the entropy difference. 

Further, it can be shown that the entropy of a crystalline substance at T - 0 is not a 


function of pressure, viz., 



However, at temperature above absolute zero, the entropy is a function of pressure also. 


1.24. AVAILABLE AND UNAVAILABLE ENERGY 


There are many forms in which an energy can exist. But even under ideal conditions all 
these forms cannot be converted completely into work. This indicates that energy has two parts : 

— Available part. 

— Unavailable part. 

‘Available energy ’ is the maximum portion of energy which could be converted into useful 
work by ideal processes which reduce the system to a dead state (a state in equilibrium with the 
earth and its atmosphere). Because there can be only one value for maximum work which the 
system alone could do while descending to its dead state, it follows immediately that ‘Available 
energy' is a property. 

A system which has a pressure difference from that of surroundings, work can be obtained 
rom an expansion process, and if the system has a different temperature, heat can be transferred 
to a cycle and work can be obtained. But when the temperature and pressure becomes equal to that 
of the earth, transfer of energy ceases, and although the system contains internal energy, this 
energy is unavailable. 

Summarily available energy denote, the latent capability of energy to do work, and in this 
sense it can be applied to energy in the system or in the surroundings. 

The theoretical maximum amount of work which can be obtained from a system at any 
state Pl and Tj when operating with a reservoir at the constant pressure and temperature p n and 
T 0 is called ‘availability 1 . 0 
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HIGHLIGHTS 


L Thermodynamics is an axiomatic science which deals with the relations among heat, work and properties 
of systems which are in equilibrium. It basically entails four laws or axioms known as Zeroth, First, Second 
and Third law of thermodynamics. 

2. A system is a finite quantity of matter or a prescribed region of space. 

A system may be a closed, open or isolated system. 

3. A phase is a quantity of matter which is homogeneous throughout in chemical composition and physical 
structure. 

4. A homogeneous system is one which consists of a single phase. 

5. A heterogeneous system is one which consists of two or more phases. 

6 . Pi. pure substance is one that has a homogeneous and invariable chemical composition even though there 
is a change of phase. 

7. A system is in thermodynamic equilibrium if temperature and pressure at all points are same; there should 
be no velocity gradient. 

8 . A property of a system is a characteristic of the system which depends upon its state, but not upon how the 
state is reached. 

Intensive properties do not depend on the mass of the system. 

Extensive properties depend on the mass of the system, 

9. State is the condition of the system at an instant of time as described or measured by its properties. Or each 
unique condition of a system is called a state. 

10. A process occurs when the system undergoes a change in state or an energy transfer takes place at a steady 
state. 

11. Any process or series of processes whose end states are identical is termed a cycle . 

12. The pressure of a system is the force exerted by the system on unit area of boundaries. Vacuum is defined 
as the absence of pressure. 

13. A reversible process is one which can be stopped at any stage and reversed so that the system and 
surroundings are exactly restored to their initial states. 

An irreversible process is one in which heat is transferred through a finite temperature. 

14. Zeroth law of termodynamics states that if two systems are each equal in temperature to a third, they are 
equal in temperature to each other. 

15. Infinite slowness is the characteristic feature of a quasi-static process. A quasi-static process is a succession 
of equilibrium states. It is also called a reversible process, 

16. Internal energy is the heat energy stored in a gas. The internal energy of a perfect gas is a function of 
temperature only. 

17. First law of thermodynamics states: 

Heat and work are mutually convertible but since energy can neither be created nor destroyed, the 
total energy associated with an energy conversion remains constant. 

Or 

No machine can produce energy without corresponding expenditure of energy, i.e. it is impossible to 
construct a perpetual motion machine of first kind. 

First law can be expressed as follows: 

Q = &E+W 

Q = AU +W ... if electric, magnetic, chemical energies are absent and changes in 

potential and kinetic energies are neglected. 






I 


t 
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1 ^ ' S 'j^ 1 ® r ^'^ n '* | e ® continuously s Up p!y mechanical work without some form of energy 

disappearing simultaneously. Sud. a fictitious machine is called a perpetual motion machine of the fi,5 
kind, or in bnef, PMM 1 . A PMMl is thus impossible. wienrst 

19. The energy of an isolated system is always constant. 

20 . In case of 

(i) Reversible constant volume process (v = constant) 

„ tul = c ST i -T l )-,W = 0-,Q = c„(.T t -T l ) 

(«) Reversible constant pressure process (p ~ constant) 

. „ bu =^ T %-T l )-,Vf=p(.v I -v i y-,Q = c f (T 2 -T i ) 

(ui) Reversible temperature or isothermal process <pv = constant) 

4u = 0, W =p 1 V 1 log e r , Q = W 
where r - expansion or compression ratio. 

(iv ) Reversible adiabatic process ipv ff = constant) 

(v) Polytropic reversible process ipv n = constant) 

Aa = c„(r i -r i );W= ;Q = Au + W; 


and 


t-feT-fef 


and 


’•fe)-"'- 


21. Steady flow equation can be expressed as follows: 


C 2 si 2 

“i + ~2“ + Z £+Pi v i + Q = u 2 + 2 +z 2 g + PJ>t + W 


Ui) 


22 . 


23. 


0r + + Q = ^2 + - 2 ~ + neglecting^ andZ 2 ...(£*) 

where Q = Heat suppUed per kg of fluid; W= Work done by I kg of fluid; 

C = Velocity of fluid; Z = Height above datum; 

p = Pressure of the fluid ; u = Internal energy per kg of fluid; 

pv = Energy required per kg of fluid. 

This equation is applicable to any medium in any steady flow. 

Clausius statement: 

le f 0 r w lf '! Ct r e maChine WOridng “ a cydic pr00e88 > unaided by any external agency, to 
convey heat from a body at a lower temperature to a body at a higher temperature.” ^ 

Kelvin-Planck statement: 

40 c0nst ™ ct an "P®"- whiA While operatingin a cycle produces no other effect except to 
extract heat from a single reservoir and do equivalent amount of work". 

Although above statements of second law of thermodynamics appear to be different, they are really 
equivalent m the sense that violation of either statement implies violation of other. 7 

Clausius inequality is given by, 
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“When a system performs a reversible cycle, then 



but when the cycle is not reversible 



24. 'Entropy* is a function of a quantity of heat which shows the possibility of conversion of that heat into 
work. The increase in entropy is small when heat is added at a high temperature and is greater when heat 
addition is made at lower temperature. Thus for maximum entropy, there is a minimum availability for 
conversion into work and for minimum entropy there is m axim um availability for conversion into work. 

25. The third law of thermodynamics is stated as follows : r 

“The entropy of all perfect crystalline solids is zero at absolute zero temperature”. 


OBJECTIVE TYPE QUESTIONS 

Choose the correct answer s 

1* A definite area or space where some thermodynamic process takes place is known as 
(a) thermodynamic system (5) thermodynamic cycle 

(c) thermodynamic process (d) thermodynamic law. 

2. An open system is one in which 

(а) heat and work cross the boundary of the system, but the mass of the working substance does not 

(б) mass of working substance crosses the boundary of the system but the heat and work do not 

(c) both the heat and work as well as mass of the working substances cross the boundary of the system 

(d) neither the heat and work nor the mass of the working substances cross the boundary of the system. 

3. An isolated system 

(а) is a specified region where transfer of energy and/or mass take place 

(б) is a region of constant mass and only energy is allowed to cross the boundaries 
(c) cannot transfer either energy or mass to or from the surroundings 

id) is one in which mass within the system is not necessarily constant 

(e) none of the above. 

4. In an extensive property of a thermodynamic system 

(o) extensive heat is transferred (b) extensive work is done 

(c) extensive energy is utilised ( d ) all of the above 

(e) none of the above. 

5. Which of the following is an intensive property of a thermodynamic system ? 

(a) Volume (6) Temperature 

(c) Maas ( d ) Energy. 

6. Which of the following is the extensive property of a thermodynamic system ? 

(a) Pressure (6) Volume 

(c) Temperature {d) Density. 

7. When two bodies are in thermal equilibrium with a third body they are also in thermal equilibrium with 
each other. This statement is called 

(a) Zeroth law of thermodynamics (6) First law of thermodynamics 

(c) Second law of thermodynamics (d) Kelvin-Planck^ law. 


i v 
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The temperature at which the volume of a gas becomes zero is called 
(o) absolute scale of temperature ( 6 ) absolute zero temperature 

(o) absolute temperature (d) none ofthe above . 

The value of one bar (in SI units) is equal to 

" (6) 1000 N/m ’ W 1X 10< N/m* 

W) 1 X 10 6 Nftn* (e) i x iq e N / m 2 

The absolute zero pressure will be 

(a) when molecular momentum ofthe system becomes zero 

rw! ^ j 63 (c) at the temperature of - 273 K 

W) under vacuum conditions (e) at the centre ofthe earth. 

Absolute zero temperature is taken as 

(a)-273'C ( 6 ) 273°C 

(c) 237’C (d) _ 373 . c 

Which of the following is correct ? 

(а) Absolute pressure = gauge pressure + atmospheric pressure 

( б ) Gauge pressure = absolute pressure + atmospheric pressure 
(c) Atmospheric pressure = absolute pressure + gauge pressure 
id) Absolute pressure = gauge pressure - atmospheric pressure. 

The unit of energy in SI units is 
(a) Joule (J) 

(c) WattCW) 

One watt is equal to 

(o) 1 Nrn/s ( 6 ) lN/min 

id) lOONmfc (e) 100Nm/m. 

One joule (Jf) is equal to 
(a)lNm 
(c)10Nn * 

1& The amount of heat required to raise the temperature ofl kg of water through 1»C ia called 
(a) specific heat at constant volume ( 6 ) specific heat at constant pressure 

(c) kilo calorie v W) none of the above. 

17. The heating and expanding of a gas is called 

(a) thermodynamic system (61 thermodynamic cycle 

(c) thermodynamic process <tf) thermodynamic law 

la A series ofc^rations, which take place in a certain order and restore the initial condition is known as 

(а) revfermble cycle ( 6 ) irreversible cycle 

(c) thermodynamic cycle W ) none ofthe above 

19. The condition for the reversibility of a cycle is 

( б ) all the processes, taking place in the cycle of operation, must be extremely slow 

(c) the working parts of the engine must be friction free 

(d) there should be no loss of energy during the cycle of operation 

(e) all of the above (f\ , 

v) none of the above. 

In an irreversible process, there is a 

(a) loss of heat ( 6 ) no loss of heat 

(c) gain of heat W) no gain of heat. 


9. 


10 . 


11 . 


12 . 


ia 


14 


15. 


(6) Joule metre (Jm) 
(d) Joule/metre (J/m). 

(c) lON/s 


( b ) kNm 
id) lOkNm/s. 


20 . 
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21. The main cause of the irreversibility is 

(a) mechanical and fluid friction ( b ) unrestricted expansion 

(c) heat transfer with a finite temperature difference 

(d) all of the above (e) none of the above. 

22. According to kinetic theory of heat 

(a) temperature should rise during boiling (b) temperature should fall during freezing 

(c) at low temperature all bodies are in solid state 

id) at absolute zero there is absolutely no vibration of molecules 

(e) none of the above. 

23. A system comprising a single phase is called a 

(a) closed system ( 6 ) open system (c) isolated system 

(<f) homogeneous system (e) heterogeneous system. 

24. If all the variables of a stream are independent of time it is said to be in 

(a) steady flow ( 6 ) unsteady flow (c) uniform flow 

(d) closed flow (e) constant flow. 

25. A control volume refers to 
(a) a fixed region in space 
(c) an isolated system 

(e) a closed system. 

26. Internal energy of a perfect gas depends on 
(a) temperature, specific heats and pressure 
(c) temperature, specific heats and entropy 

27. In reversible polytropic process 
(a) true heat transfer occurs 
(c) the enthalpy remains constant 
(e) the temperature remains constant. 

28. An isentropic process is always 
(a) irreversible and adiabatic 
(c) frictionless and irreversible 
(e) none of the above. 

29. The net work done per kg of gas in a polytropic process is equal to 


( 6 ) a specified mass 

(d) a reversible process only 

( 6 ) temperature, specific heats and enthalpy 
(d) temperature only. 

( 6 ) the entropy remains constant 

(d) the internal energy remains constant 

( 6 ) reversible and isothermal 
( d ) reversible and adiabatic 


(a) m. log, ^ ( 6 ) p x (Vj - (c) p 2 2 ~ “ 

** A , 

(d) Pl v l-P2 v 2 (e) P2 v l ~ P2V2 ' 

n -1 n -1 

30. Steady flow occurs when 

(а) conditions do not change with time at any point 

( б ) conditions are the same at adjacent points at any instant 
(c) conditions change steadily with the time 


31. 


(d) is constant. 

A reversible process requires that 

(a) there be no heat transfer ( b ) newton’s law of viscosity be satisfied 

(c) temperature of system and surroundings be equal 

(d) there be no viscous or coloumb friction in the system 

(e) heat transfer occurs from surroundings to system only. 
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32. The first law of thermodynamics for steady flow 

(а) accounts for all energy entering and leaving a control volume 

( б ) is an energy balance for a specified mass of fluid 

(c) is an expression of the conservation of linear momentum 

(d) is primarily concerned with heat transfer. 

(e) is restricted in its application to perfect gases. 

The characteristic equation of gases pV =mRThtAds good for 
(a) monoatomic gases ( 6 ) diatomicgas 

id) ideal gases (.) mixta™ of gases. 

A gas which obeys kinetic theory perfectly is known as 
(a) monoatomic gas (j b ) cfiatamkgas 

(d) pure gas (e) perfect gas. 

Work done in a free expansion process is 

(c) zero ( 6 ) minimum 

(d) positive (e) negative. 

Which of the following is not a property of the system ? 

(a) Temperature ( 6 ) Pressure 

(d) Heat (e) None of the above. 

Mill**, ualr 

/ ' } natant pressure (c) constant temnprftfitvw 


35. 


sa 


37, 


(c) real gases 


(c) real gas 


(c) maximum 


(c) Specific volume 


40. 


(a) constant volume (4) constant pressure 

W> adiabatic ( e ) igothemud. 

The processes or systems that do not involve heat are called 
(a) isothermal processes (4) equilibrium proces 

W) steady processes ( e ) adiabatic processes. 

In a reversible adiabatic process the ratio (TJT,) i s equal to 

, I -1 

(,a/" A Y ' ' — 


(c) constant temperature 

iuvuive neat are called 

equilibrium processes (c) thermal processes 


te) f 


Y - 1 

(c) (t^ V 2 ) 2 y . 


(d) 


41, 


tr 

a- 


42. 


In isothermal process 
(a) temperature increases gradually 
(c) pressure remains constant 
(e) change in internal energy is zero. 

During throttling process 
(a) internal energy does not change 
(c) entropy does not change 
(e) volume change is negligible. 

43. When a gas is to be stored, the type of compression that would be ideal is 

(a) isothermal ( 6 ) adiabatic (c) Dolvtreoic 

M) constant volume (e) none of the above. ^ 

restored totheir"""* °° »* "*«> - fundings are erectly 

(a) adiabatic process (4) isothermal process (c) ideal process 

id) fnctionless process (e) energyless process. 


(b) volume remains constant 
(d) enthalpy change is maximum 

CM pressure does not change 
(d) enthalpy does not change 
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45. 

46. 


47. 

46. 

49. 


sa 


51. 


53. 

54. 


55. 

56. 


The state of a substance whose evaporation from its liquid state is complete, is known as 
(a) vapour ( 6 ) perfect gas 

(c) air (d) steam. 

In SI units, the value of the universal gas constant is 
(a) 0.8314 J/mole/K ( b ) 8.314 J/mole/K 

(c) 63.14 J/mole/K (d) 831.4 J/mole/K 

(e) 8314 J/mole/K 

When the gas is heated at constant pressure, the heat supplied 

(a) increases the internal energy tf the gas (b) increases the temperature of the gas 

(c) does some external work during expansion (d) both (b) and (c) 

(e) none of the above. • 

The gas constant (R) is equal to the 

(a) sum of two specific heats ( 6 ) difference of two specific heats 

(c) product of two specific heats (d) ratio of two specific heats. 

The heat absorbed or rejected during a polytropic process is 


(a) 

<c> 


fy-n) 

1 y -1 1 * work done 

(b) —- j x work done 

/ _ \V2 

- 7 x work done 

(d) x work done. 


S econd law of thermodynamics defines 

(a) heat ( 6 ) work (c) enthalpy 

(d) entropy (e) internal energy. 

For a reversible adiabatic process, the change in entropy is 

(a) zero (b) minimum ( 9 ) maximum 

(d) infinite (e) unity. 

For any reversible process, the change in entropy of the system and surroundings is 
(a) zero ( 6 ) unity (c) negative 

(d) positive (e) infinite. 

For any irreversible process the net entropy change is 

(a) zero ( 6 ) positive (c) negative 

(d) infinite (e) unity. 

The processes of a Carnot cycle are 

(а) two adiabatic and two constant volume 

( б ) one constant volume and one constant pressure and two isentropics 

(c) two adiabatics and two isothermals (d) two constant volumes and two isothermals 

(e) two isothermals and two isentropics. 

Isentropic flow is 

(a) irreversible adiabatic flow (b) ideal fluid flow (c) perfect gas flow 

(d) frictionless reversible flow (e) reversible adiabatic flow. 


In a Carnot engine, when the working substance gives heat to the sink 

(a) the temperature of the sink increases (b) the temperature of the sink remains the same 

(c) the temperature of the source decreases 

(d) the temperatures of both the sink and the source decrease 

( e ) changes depend on the operating conditions. 
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57. If the temperature of the source is increased, the efficiency of the Carnot engine 
vo/ aecreases /»_% • 

(o) increases 

(l) h° 6S Chan f 6 (rf) will be equal to the efficiency of a practical engine 

(e) depends on other factors. engine 

5& The efficiency of an ideal Carnot engine depends on 

(a) working substance ( 6 ) on the temperature of the source only 

on the temperature of the sink only 

W) on the temperatures of both the source and the sink 
(e) on the construction of engine. 

59. The efficiency of a Carnot engine using an ideal gas as the working substance is 




( 6 ) 




wJZL 


(e) 


r W\-T£ 


J 'P'P vc ,-— 

12 TiOi + TJ)- 

GO. In a reversible cycle, the entropy of the system 

(a) increases . , 

(6) decreases 

oes not change (d) first increases and then decreases 

Ke) depends on the properties of working substance. 

61. A frictionless heat engine can be 100% efficient only if its exhaust temperature is 

(alequaltoi^inputtemperature (6) less than its input temperature 

(at) 0*K — 

62. Kelvin-Planck’s law deals with 

(a) conservation of energy (6) conservation of heat (c) conservation of mass 
\a) conversion of heat into work , , . 

63 Whir>i r 11 • ( e ) conversion of work mto heat. 

of the ^°® owmB statements is correct according to Clausius statement of second law of thermody- 

(4) It II iZZihl 6 681 fr0m aWjala l0Wer tem P erataret0 a body at a higher temperature 

^ ^/^exteraal smirce* ** a ,0Wer tem P erature to a body at a higher temperature, 

W 

(d) None of the above. 

64. According to Kelvin-Planck’s statement of second law of thermodynamics 

“ enm^J IrSn woA COns * ruc ^ 811 enB * ne working on a cyclic process, whose sole purpose is to convert heat 

heatOTCTaTffitowA 101 e ” g “ 1C worldnB on a ,?ycUc P rocess > whos e sole purpose is to convert the 

^^portiondto'uledfr&ren^atthetwo'end.^* 0ther ’ ** deVel0ped iS 
(c) None of the above. 

* m y a^7“tT™ WhiCh Mth * heat is a “W>^ - in a 

(a) enthalpy ... . , _ 

( . , (o) mtemal energy 

(c) entropy , _ 

(a) external energy. 
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66 . The entropy may be expressed as a function of 

(a) pressure and temperature ( 6 ) temperature and volume 

(c) heat and work (d) all of the above 

(e) none of the above. 

67. The change of entropy, when heat is absorbed by the gas is 

(a) positive ( 6 ) negative (c) positive or negative. 

68 . Which of the following statements is correct ? 

(а) The increase in entropy is obtained from a given quantity of heat at a low temperature 

( б ) The change in entropy may be regarded as a measure of the rate of the availability of heat for 
transformation into work 

(c) The entropy represents the m a xim um amount of work obtainable per degree drop in temperature 
{d) All of the above. 


69. The condition for the reversibility of a cycle is 

(a) the pressure and temperature of working substance must not differ, appreciably from those of the 
surroundings at any stage in the process 

(b) all the processes taking place in the cycle of operation, must be extremely slow 

(c) the working parts of the engine must be friction free 

(d) there should be no loss of energy during the cycle of operation 

(e) all of the above. 


70. In an irreversible process there is a 

(a) loss of heat (b) no loss of work 

(c) gain of heat (d) no gain of heat. 

71. The main cause for the irreversibility is 

(c) mechanical and fluid friction ( b ) unrestricted expansion 

(c) heat transfer with a finite temperature difference 
id) all of the above. 

72. The efficiency of the Carnot cycle may be increased by 

(a) increasing the highest temperature ( 6 ) decreasing the highest temperature 

(c) increasing the lowest temperature (d) decreasing the lowest temperature 

(e) keeping the lowest temperature constant. 

73. Which of the following is the corral statement ? 

(a) All the reversible engines have the same efficiency 

(b) All the reversible and irreversible engines have the same efficiency 

(c) Irreversible engines have maximum efficiency 

(d) All engines are designed as reversible in order to obtain maximum efficiency. 


7. (a) 
14. (a) 
21 . {d) 
28. (d) 
35. (a) 
42. {d) 
49. (a) 
66 .( 6 ) 
63.(6) 
70. (a) 
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THEORETICAL QUESTIONS 


2 . 

a 

4. 

a 

a 

7. 

a 

9. 

10 . 

11 . 

12 . 

ia 

14. 


- ,A 


ia 

17. 

la 

19. 

20 . 

21 , 


23. 

24. 

25. 

2a 

27. 


Define a thermodynamic system. Differentiate between open system, closed system and an isolated sys¬ 
tem. 

How does a homogeneous system differ from a heterogeneous system ? 

What do you mean by a pure substance ? 

Explain the following terms: 

(i) State, («) Process, and (iii) Cycle. 

Explain briefly zeroth law of thermodynamics. e 

What is a quasi-static process 7 * '' * ■?- -h> 

What do you mean by Veversible work' ? ^ ^ ^ ... 

Define ‘internal energy" and prove that it is a property a systecp... a : ■ . 

Explain the First Law of The^nodynamics as referred to closqd systems undergoing a cyclic change. 

State the First Law of Thermodynamics and prove that fora non-flow process, it leads to the energy 
equation Q = AU + W. 

What is the mechanical equivalent of heat ? Write down its value when heat is expressed in kJ and work 
is expressed in N-m. r . 

What do you mean by “Perpetual motion machine of first kind-PMM 1" ? 

Why only in constant pressure non-flow process, the enthalpy change is equal to heat transfer ? 

Prove that the rate of change of heat interchange per unit change of volume when gas is compressed or 

Y — n pdv 
expanded is given by ^ _ i x j~ ■ 


15. 


(ii) Reciprocating air compressor 
(iv) Steam turbine 


systems: 

(r) Centrifugal water pump 
(iii) Steam nozzle 
(t») Gas turbine. 

Explain clearly the difference between a non-flow and a steady flow process. 

State the limitations of first law of thermodynamics. 

What is the difference between a heat engine and a reversed heat engine ? 

Enumerate the conditions which must be fulfilled by a reversible process. Give some examples of ideal 
reversible processes. 

What is an irreversible process ? Give some examples of irreversible processes. 

Give the following statements of second law of therihodynamics. 

(i) Clausius statement 
(ii) Kelvin-Planck statement 
Define heat engine, refrigerator and heat pump. 

What is the perpetual motion machine of the second kind ? 

What do you mean by ‘ Thermodynamic temperature’ ? 

What do you mean by‘Clausius inequality ? 

Describe the working of a Carnot cycle. 

Derive an expression for the efficiency of the reversible heat engine. 

What do you mean by the term ‘Entropy’ ? 
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Introduction to Internal Combustion Engines 


2.1. Heat engines. 2.2. Development'-of IiC. engines. 2.3. Classification of I.C. ehgines. 
2.4. Appftcatibhk ; ofT-C. engines. 2.5. Engine cycle-Energy balance. 2 . 6 . Basic idea of I.C. 
engines. 2.7. Different ials bf I.C. engines: 2 . 8 . Terms connected with I.C. engines. 2.9. Woridng 
cycles. 2.10. Indicator diagram. 2.11. Four-stroke cycle engines. 2 . 12 . Two stroke cycle engines. 
2.13. Intake for compression ignition engines. 2.14. Comparison of four stroke and two stroke 
cycle engines. 2.15. Comparison of spark ignition (S.I.) and compression ignition (C.I.) engines. 
2.16. Comparison between a petrol engine and a diesel engine. 2.17. How to tell a two stroke 
cycle engine from a four stroke cycle engine ? Highlights—Objective Type Questions— 
Theoretical Questions. 


2 .1. HEAT ENGINES 

Any type of engine or machine which derives heat energy from the combustion of fuel or 
any other source and converts this energy into mechanical work is termed as a heat engine . 

Heat engines may be classified into two main classes as follows : 

1. External Combustion Engines. 

2. Internal Combustion Engines. 

1 . External combustion engines (E.C. engines) 

In this case, combustion of fuel takes place outside the cylinder as in case of steam engines 
where the heat of combustion is employed to generate steam which is used to move a piston in a 
cylinder. Other examples of external combustion engines are hot air engines , steam turbine and 
closed cycle gas turbine. These engines are generally used for driving locomotives, ships, genera¬ 
tion of electric power etc. 

2 . Internal combustion engines (I.C. engines) 

In this case, combustion of the fuel with oxygen of the air occurs within the cylinder of the 
engine. The internal combustion engines group includes engines employing mixtures of combusti¬ 
ble gases and air, known as gas engines , those using lighter liquid fuel or spirit known as petrol 
engines and those using heavier liquid fuels, known as oil compression ignition or diesel engines. 


33 
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The detailed classification of heat engines is given in Fig. 2.1. 


I 

Power producing 


HEAT ENGINES 

I 


Power absorbing 
(Not strictly heat engines) 


I 

Air 


Refrigerators 
heat pumps 


Internal combustion 


External combustion 

I 


Reciprocating type 


Rotary type 

i 

Gas turbines 


Spark ignition 


I 

Compression ignition Simple 


Reciprocating type 

Reciprocating steam engine 
I 


Compound 


Petrol (and Gas 
kerosene) engine engines 


oa 


Air 

cooled 


cooled 

I 


r~ 

Air 

cooled 

I_ 


Rotary type 


Steam 

turbines 


Water 

cooled 


Radial flow 
reaction turbine 


Axial 

flow 


2-Stroke 


4-Stroke 

I 


2-Stroke 


4-Stroke 


Overhead Slide Impiiee Pure reaction Impulse reaction Combination turbine 

valve valve turbine turbine turbine (most power station) 

1 turbines 


Back 

pressure 

turbine 


Mixed pressure Exhaust 
turbine 


Straight power 
turbine 


Pass out 
turbine 


Fig, 2.1. Classification of heat engines. , 

Advantages of reciprdcdtihg internal combustion engines over external 
combustion engines : 

Reciprocating internal combustion engines offer the following advantages over external 
combustion engines : 

1. Overall efficiency is high. 

2. Greater mechanical simplicity. 

3. Weight to power ratio is generally low. 

4. Generally lower initial cost. 

5. Easy starting from cold conditions. 

6. These units are compact and thus require less space. 

Advantages of the external combustion engines over internal combustion 
engines: 

The external combustion engines claim the following advantages over internal combustion 
engines : 
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2. Because oTextemal^busLrfoffuel, cheaper fuels can be used. Even solid fuels can be 

3 DuttotxtemaTc^mbusUon of fuel it is possible to have flexibility in arrangement. 

4 m are self-starting with the working fluid whereas in case of internal combus- 
tion engines, some additional equipment or device is used for startmg the engines. 

2.2. DEVELOPMENT OF I.C. ENGINES 

Brief earlv history of development of I.C. engines is as follows . . , 

l Many different styles of internal combustion engines were built and tested during 

seond half of the 19th century. , 

. Sugb mZ a Jo“re working on four-stroke cycle design, Otto was given credit 

when his prototype engine was built in 1876. 

however generally more efficient than spark ignition engines. 

• It wasn't until the 1920s that multicylinder compression ignition engines were made 
small enough to be used with automobile and trucks. 

• Wakdle’s first rotary engine was tested at NSV, Germany m 19 . 

» The nractical Stirling engines in small number are being pro uce since . 

- —*»•»* ““w *» 

- Thermal efficiencies higher than 30% have been obtained. ..... 

_ The aduanf ages of Stirling engineare low exhaust emission and multi-fuel capability. 

2.3. CLASSIFICATION OF I.C. ENGINES 

Internal combustion engines may be classified as given below : 

1. According to cycle of operation : 

(i) Two stroke cycle engines 

(it) Four stroke cycle engines. 

2. According to cycle of combustion : 

(i) Otto cycle engine (combustion at constant volume) 

(ii) Diesel cycle engine (combustion at constant pressure) 


Visit: www.Civildatas.com 











































INTERNAL COMBUSTION ENGINES 


Visit: www.Civildatas.com uumbustion engines 

(£££) Dual-combustion or Semi-Diesel cycle engine (combustion partly at constant volume 
and partly at constant pressure). 

3. According to arrangement of cylinder : Refer Fig. 2.2. 



ivi) ^P 06 ^ (vii) Radial engine 

Fig. 2.2. Engine classification by cylinder arrangement 

shaft. ® Sil>gle Cyl “ der engine ‘ ***** has one Pylioder and piston connected to the crank- 
(we) V-engine 

* ^rh n ji ne Wi ? tu Cylinder , ba " k i two-in-line engines) inclined at an angle to 

each other and with one crankshaft. 6 

* dde of'VS 1 * bi?ger aUt ° m0biIes USe the ***** V-engine (4-cylinder in-line on each 


Visit: www.Civildatas.com 


INTRODUCTION TO INTERNAL COMBUSTION fcNUiNfci 
(iv) Opposed cylinder engine 

• Two banks of cylinders opposite each other on a single crankshaft (a V-engine with 

180 ° V). , , , .. 

• These are common on small aircraft and some automobiles with even number of cy in- 
ders from two to eight or more. 

(u) W-engine 

• Same as V-engine except with three banks of cylinders on the same crankshaft. 

• Not common, but some have been developed for racing automobiles. 

(vi) Opposed piston engine 

• In this type of engine there are two pistons in each cylinder with the combustion cham¬ 
ber in the centre between the pistons. 

• A single combustion process causes two power strokes, at the same tijne, with each 
piston being pushed away from the centre and delivering power to a separate crank¬ 
shaft at each end of this cylinder. 

(vii) Radial engine 

• It is an engine with pistons positioned in a circular plane around the central cran 
shaft. The connecting rods of the pistons are connected to a master rod which, in turn, 
is connected to the crankshaft. 

• In a radial engine the bank of cylinders always has an odd number of cylinders ranging 
from 3 to 13 or more. 

• Operating on a four-stroke cycle, every other cylinder fires and has a power stroke as 
the crankshaft rotates, giving a smooth operation. 

• Many medium and large size propeller-driven aircraft use radial engines. For large 
aircraft two or more banks of cylinders are mounted together, one behind the other on 
a single crankshaft, making one powerful smooth engine. 

• Very large ship engines exist with upto 54 cylinders, six banks of 9 cylinder each. 

4. According to their uses : 

(£) Stationary engine (*0 Portable engine 

(iii) Marine engine (w) Automobile engine 

(u) Aero engine etc. 

5. According to the speed of the engine : 

(i) Low speed engine (w) Medium speed engine 

(iii) High speed engine. 

6. According to method of ignition : 

(i) Spark-ignition engine (») Compression-ignition engine. 

7. According to method of cooling the cylinder : 

(i) Air-cooled engine (#) Water-cooled engine. 

8. According to method of governing : 

(i) Hit and miss governed engine f (w) Quality governed engine 

(iii) Quantity governed engine. 

9. According to valve arrangement : 

(i) Over head valve engine (») L-head type engine 

(Hi) T-head type engine (w) F-head type engine. 
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10. According to number of cylinders : 

® Sin e'^ Und er engine («) Multi-cylinder engine. 

11. According to air intake process : 

(i) Naturally aspirated. No intake air pressure boost system, 
crankshaft. iperehargeeL Intake mr P ressu re increased with the compressor driven off the engine 

engini^haustTO^ “ Pr6SSUre inCTeaSed WHh the ‘“Compressor driven by the 

air compressor. Limited hastlso^en dmi^ ^th ^ CrankcaSe as the intake 

four-stroke cycle engines with ^ankcase compressL deSlgD instruction of 

12. According to fuel employed : 

(i) Oil engine /..% r> , . 

..... _ W Petrol engine 

Km) Gas engine /_•„* v 

( \ t dp • Kerosene engine 

(uii) Duel ^ Alcohol-ethyl, methyl engine 

g ! n ® (P®) Gasohol (90% gasoline and 10% alcohol) 

13. Method of fuel input for S.I. engines : 

CO Carbureted 

(£ mStt?r *?■ irVeCti ° n ' ^ ° r m0re injeCt ° rS at blinder intake. 

( ) hr0ttU *"* fuel ln ^wn. Injectors upstream in intake manifold. 

2.4. APPLICATION OF I.C. ENGINES 

The I.C. engines are generally used for : 

(0 Road vehicles (e.g., scooter, motorcycle, buses etc.) 

Hi) Aircraft 
(iii) Locomotives 

(.iv) Construction in civil engineering equipment such as bull-dozer, scraper, power shovels 

(td Pumping sets 

(vi) Cinemas 

(vii) Hospital 

(viii) Several industrial applications. 

The applications of various engines separately are listed below : 

1. Small two-stroke petrol engines : 

’ SZZtZZET* Wh6re Simplkity and the «* of the prime mover are 

* KsS fa deVel ° PS maximum brake P° wer ©J».) of 1.5 kW at 5000 r.p.m. and 

# P ° Wer ° f ab ° Ut 3 ^ at 5000 is 

at 5000 r.p.m. gme deveIo P s maximum brake power of about 5 kW 

‘ “iSS ““ " f 9 « « «» r.P». 
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• These engines also find applications in very small electric generating sets, pumping 
sets etc. 

2. Small four-stroke petrol engines : 

• These engines are primarily used in automobiles. 

• These are also used in pumping sets and mobile electric generating sets. 

These days diesel engines are taking them over, in the above mentioned applications. 

3. Four stroke diesel engines : 

• The four-stroke diesel engine (a versatile prime mover) is manufactured in diameter 
ranging from 50 mm to 600 mm with speeds ranging from 100 to 4400 r.p.m., the 
power delivered per cylinder varying from 1 to 1000 kW. 

• Diesel engine is employed for the following : 

— Pumping sets 

— Construction machinery 
— Air compressors and drilling jigs 
— Tractors 

— Jeeps, cars and taxies 

— Mobile and stationary electric generating plant 
— Diesel-electric locomotive 
— Boats and ships. 

4. Two stroke diesel engines : 

• These engines having very high power are usually employed for ship propulsion and 
generally have bores above 60 cm, uniflow with exhaust valves or loop scavenged. 

Example . Nordberg, 2 stroke, 12-cylinder 80 cm bore and 155 cm stroke, diesel engine 
develops 20000 kW at 120 r.p.m. 

5. Radial piston engine in small aircraft propulsion : 

• Radial four stroke petrol engines having power range from 300 kW to 4000 kW have 
been used in small aircrafts. 

• In modern large aircrafts, instead of these engines, gas turbine plant as turboprop 
engine or turbojet engine and gas turbine engines are used. 

2.5. ENGINE CYCLE-ENERGY BALANCE 

Refer Fig. 2.3. It shows the energy flow through the reciprocating engine. The analysis is 
based on the first law of thermodynamics which states that energy can neither be created nor 
destroyed, it can be converted from one form to other. 

• In an I.C. engine fuel is fed to the combustion chamber where it burns in the presence 
of air and its chemical energy is converted into heat. All this energy is not available for 
driving the piston since a portion of this energy is lost through exhaust, coolant and 
radiation. The remaining energy is converted to power and is called indicated energy or 
indicated power (I.P.). The ratio of this energy to the input fuel energy is called indi¬ 
cated thermal efficiency tDth a>3 * 
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Fuel energy 



I.P. - Indicated power 
B.P. = Brake power 


= Indicated thermal efficiency =-—— 

ntj x C. V. 

(where m f = mass of fuel in kg/s and C. V. * calorific value) 
= ® ra k e thermal efficiency. 


Fig. 2.3. The energy flow through the reciprocating engine. 

The energy available at the piston passes through the connecting rod to the crankshaft 
In this transmission of energy/power there are losses due to friction, pumping, etc. The 
sum of all these losses, converted to power, is termed as friction power (F.P.). The 
remaining energy is the useful mechanical energy and is termed as shaft energy or 
brake power (B.P.). The ratio of energy ,at shaft to fuel input energy is called brake 
thermal efficiency 

TV ratio of shaft energy to the energy available at the piston is called mechanical 
efficiency 


2.6. BASIC IDEA OF I.C. ENGINES 

The basic idea of internal combustion engine is shown in Fig. 2.4. The cylinder which is 
closed at one end is filled with a mixture of fuel and air. As the crankshaft turns it pushes cylinder 
The piston 1S forced up and compresses the mixture in the top of the cylinder. The mixture is set 
alight and, as it bums, it creates a gas pressure on the piston, forcing it down the cylinder This 
motion is shown by arrow T. The piston pushes on the rod which pushes on the crank. The crank 
is given rotary (turning) motion as shown by the arrow '2'. The fly wheel fitted on the end of the 
crankshaft stores energy and keeps the crank turning steadily. 
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Fly wheel 



2.7. DIFFERENT PARTS OF I.C. ENGINES 


Here follows the detail of the various parts of an internal combustion engine. 

A cross-section of an air-cooled I.C. engine with principal parts is shown in Fig. 

A. Parts common to both petrol and diesel engine : 

1. Cylinder 

2. Cylinder head 

3. Piston 

4. Piston rings 

5. Gudgeon pin 

6. Connecting rod 

7. Crankshaft 

8. Crank 

9. Engine bearing 

10. Crankcase 

11. Flywheel 

12. Governor 

13. Valves and valve operating mechanisms. 

B. Parts for petrol engines only : 

1. Spark plugs 

3. Fuel pump. 

2. Carburettor 
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C. Parts for Diesel engine only : 

1. Fuel pump. 2 . Injector. 


Inlet valve 


Inlet port 


Crankshaft 



Exhaust valve 
Valve spring 


Exhaust port 
Cylinder head 


Cooling fins 
Piston 


Connecting rod 
Cylinder 


Crankcase 


Crank pin 


Crank 


Fig. 2.5. Air-cooled I.C. engine. i 

A* Parts common to both petrol and diesel engines : 

L Cylinder 

The cylinder contains gas under pressure and guides the piston. It is in direct contact with 
the products of combustion and it must be cooled. The ideal form consists of a plain cylindrical 
barrel in which the piston slides. The movement of the piston or stroke being in most cases, longer 
than the bore. This is known as the *stroke bore ratio'. The upper end consists of a combustion or 
clearance space in which the ignition and combustion of the charge takes place. In practice it is 
necessary to depart from the ideal hemispherical slope in order to accommodate the valves spark¬ 
ing plugs etc. and to control the combustion. Sections of an air-cooled cylinder and a water-cooled 
cylinder are shown in Fig. 2.6 and 2.7 respectively. The cylinder is made of hard grade cast iron 
ana is usually, cast in one piece . 
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2. Cylinder head 




Fig. 2.6. Air-cooled cylinder. Fig. 2.7. Water-cooled cylinder. 

One end of the cylinder is closed by means-of a removable cylinder head (Fig. 2.6) which 
usually contains the inlet or admission valve [Fig. 2.8 (a)) for admitting the mixture of air and 



(a) Inlet valve (b) Exhaust valve 

Fig. 2.8 
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fuel and exiiads^^V!|%^ £.§fe)] for discharging the product of combustion. Two valves are kept 
closed, by means of cams (Fig. 2.9) geared to the engine shaft. The passage in the cylinder head 
leading to and from the valves are called ports. The pipes which connect the inlet ports of the 
various cylinders to a common intake pipe for the engine is called the inlet manifold . If the exhaust 
ports are similarly connected to a common exhaust system, this system of piping is called exhaust 
manifold. 



Fig. 2.9. Cam and rocker arm. 

The main purpose of the cylinder head is to seal the working ends of the cylinders and not 
to permit entry and exit of gases on cover head valve engines. The inside cavity of head is called 
the combustion chamber , into which the mixture is compressed for firing. Its shape controls the 
direction and rate of combustion. Heads are drilled and tapped with correct thread to take the 
ignition spark plug. All the combustion chambers in an engine must be of same shape and size. 
The shape may be in part controlled by the piston shape. 

The cylinder head is usually made of cast iron or aluminium. 

3. Piston 

A piston is fitted to each cylinder as a face to receive gas pressure and transmit the thrust 
to the connecting rod. 

The piston must (t) give gas tight seal to the cylinder through bore, ( ii ) slide freely, (iii) be 
light and (iv) be strong. The thrust on the piston on the power stroke tries to tilt the piston as the 
connecting rod swings, side ways. The piston wall, called the skirt must be strong enough to stand 
upto this side thrust. Pistons are made of cast iron or aluminium alloy for lightness. Light alloy 
pistons expand more than cast iron one therefore they need large clearances to the bore, when cold, 
or special provision for expansion. Pistons may be solid skirt or split skirt. A section through a 
split skirt piston is sho^n in Fig. 2.10. 

4. Piston rings 

The piston must be a fairly loose fit in the cylinder. If it were a tight fit, it would expand as 
it got hot and might stick tight in the cylinder. If a piston sticks it could ruin the engine. On the 
other hand, if there is too much clearance between the piston and cylinder walls, much of the 
pressure from the burning gasoline vapour will leak past the piston. This means, that the push on 
the piston will be much less effective. It is the push on the piston that delivers the power from the 
engines. 

To provide a good sealing fit between the piston and cylinder, pistons are equipped with 
piston rings, as shown in Fig. 2.10. The rings are usually made of cast iron of fine grain and high 
elasticity which is not affected by the working heat. Some rings are of alloy spring steel. They are 
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split at one point so that they can be expanded and slipped over the end of the piston and into ring 
grooves which have been cut in the piston. When the piston is installed in the cylinder the rings 



are compressed into ring grooves which have been cut in the piston. When the piston is installed in 
the cylinder, the rings are compressed into the ring grooves so that the split ends come almost 
together. The rings fit tightly against the cylinder wall and against the sides of the ring grooves in 
the piston. Thus, they form a good seal between the piston and the cylinder wall. The rings can 
expand or contact as they heat and cool and still make a good deal. Thus they are free to slide up 
and down the cylinder wall. 



Fig. 2.11. Working of a piston ring. 

Fig. 2.11 shows how the piston ring works to hold in the compression and combustion 
pressure. The arrows show the pressure above the piston passing through clearance between the 
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piston and the cylinder wall. It presses down against the top and against the back of the piston 
rings as shown by the arrows. This pushes the piston ring firmly against the bottom of the piston 
ring groove. As a result there are good seals at both of these points. The higher the pressure in the 
combustion chamber, the better the seal. 

Small two stroke cycle engines have two rings on the piston. Both are compression rings 
(Fig. 2.12). Two rings are used to divide up the job of holding the compression and combustion 
pressure. This produces better sealing with less ring pressure against the cylinder wall. 




Four stroke cycle engines have an extra ring , called the oil control ring (Fig. 2.13). Four 
stroke cycle engines are so constructed that they get much more oil in the cylinder wall than do 
two stroke cycle engines. This additional oil must be scraped off to prevent it from getting up into 
the combustion chamber, where it would burn and cause trouble. 

Refer Figs. 2.12 and 2.13, the compression rings have a rectilinear cross-section and oil 
rings are provided with a groove in the middle and with through holes spaced at certain interval 
from each other. The oil collected from the cylinder walls flows through these holes into the piston 
groove whence through the holes in the body of the piston and down its inner walls into the engine 
crankcase. 

5. Gudgeon pin (or wrist pin or piston pin) 

These are hardened steel parallel spindles fitted through the piston bosses and the small 
end bushes or eyes to allow the connecting rods to swivel. Gudgeon pins are a press fit in the piston 
bosses of light alloy pistons when cold. For removal or fitting, the piston should be dipped in hot 
water or hot oil, this expands the bosses and the pins can be removed or fitted freely without 
damage. 

It is made hollow for lightness since it is a reciprocating part. 

6. Connecting rod 

Refer Fig. 2.14. The connecting rod transmits the piston load to the crank, causing the 
latter to turn, thus converting the reciprocating motion of the piston into a rotary motion of the 
crankshaft. The lower or “big end” of the connecting rod turns on “crdnk pins”. 



Fig. 2.14. Connecting rod. 
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The connecting rods are made of nickle, chrome and chrome vandium steels. For small 
engines the material may be aluminium. 

7. Crank 

The piston moves up and down in the cylinder. This up and down motion is called recipro¬ 
cating motion . The piston moves in a straight line. The straight line motion must be changed to 
rotary, or turning motion, in most machines, before it can do any good. That is rotary motion is 
required to make wheels turn, a cutting blade spin or a pulley rotate. To change the reciprocating 
motion to rotary motion a crank and connecting rod are used. (Figs. 2.15 and 2.16). The connecting 
rod connects the piston to the crank. 




Fig. 2.15 


Fig. 2.16 


Note. The crank end of the connecting rod is called rod "big end m . The piston end of the connecting rod is 
called the rod "small end*. 


. 8. Crankshaft 

The crank is part of the crankshaft. The crankshaft of an internal combustion engine 
receives via its cranks the efforts supplied by the pistons to the connecting rods. All the engines 
auxiliary mechanisms with mechanical transmission are geared in one way or the another to the 
crankshaft. It is usually a steel forging, but some makers use special types of cast iron such as 
spheroidal graphitic or nickel alloy castings which are cheaper to produce and have good service 
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Fig. 2.17. Crank shaft and other parts 
typical crankshaft layout for a four cylinder engine. * F g ’ 218 h 3 



Fig. 2.18. Typical crankshaft layout. 

9. Engine bearing 

=iS“'S£==~~~ 

Ssaissrss aassaMs-SS 

Bearings used in engines are of two types : sliding or rolling (Fig. 2.19). 
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Sleeve Split sleeve Ballbearing Roller bearing 

bearing bearing 

A B C D 

Fig. 2.19. Bearings. 

The sliding type of bearings are sometimes called bushings or sleeve bearings because they 
are in the shape of a sleeve that fits around the rotating journal or shaft. The sleeve-type connect¬ 
ing rod big end bearings usually called simply rod bearings and the crankshaft supporting bear¬ 
ings called the main bearings are of the split sleeve type. They must be split in order to permit 
their assembly into the engine. In the rod bearing, the upper half of the bearing is installed in the 
rod, the lower half is installed in the rod bearing cap. When the rod cap is fastened to the rod shown 
in Fig. 2.16 a complete sleeve bearing is formed. Likewise, the upper halves of the main bearings 
are assembled in the engine and then the main bearing caps, with the lower bearing halves are 
attached to the engine to complete the sleeve bearings supporting the crankshaft. 

The typical bearing half is made of steel or bronze back to which a lining of relatively soft 
bearing material is applied. Refer Fig. 2.20. This relatively soft bearing material, which is made of 
several materials such as copper, lead, tin and other metals, has the ability to conform to slight 
irregularities of the shaft rotating against it. If wear does take place, it is the bearing that wears 
and the bearing can be replaced instead of much more expansive crankshaft or other engine part. 
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1 _ ^ rollin &’type bearing uses balls or rollers between the stationary support and the rotat¬ 
ing shaft. Refers Fig. 2.19. Since the balls or rollers provide rolling contact, the frictional resist- 
ance to movement is much less. In some roller bearing, the rollers are so small that they are 
ar y lgger than needles. These bearings are called needle bearings. Also some rollers bearings 
have the rollers set at an angle to the races, the rollers roll in are tapered. These bearings are 
called tapered roller bearings . Some ball and roller bearings are sealed with their lubricant al¬ 
ready in place. Such bearings require no other lubrication. Other do require lubrication from the 
oil m the gasoline (two stroke cycle engines) or from the engine lubrication system (four stroke 
cycle engines). 

The type of bearing selected by the designers of the engine depends on the design of the 
engine and the use to which the engine will be put. Geiiercdly, sleeve bearings, being less expensive 
and satisfactory for most engine applications, are used. In fact sleeve bearings are used almost 
universally in automobile engines. But you will find some engines with ball and roller bearings to 
support the crankshaft and for the connecting rod and piston-pin bearings. 

10. Crankcase 

The main body of the engine to which the cylinders are attached and which contains the 
crankshaft and crankshaft bearing is called crankcase . This member also holds other parts in 
alignment and resists the explosion and inertia forces. It also protects the parts from dirt etc. and 
serves as a part of lubricating system. 

11. Flywheel 

Refer; Figs. 2.4 and 2.21. A flywheel (steel or cast iron disc) secured on the crank shaft 
performs the following functions : 

(a) Brings the mechanism out of dead centres. 

(b) Stores energy required to rotate the shaft during preparatory strokes. 

(c) Makes crankshaft rotation more uniform. 

(d) Facilitates the starting of the engine and overcoming of short time over loads as, for 
example, when the machine is started from rest. 
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The weight of the flywheel depends upon the nature of variation of the pressure. The fly¬ 
wheel for a double-acting steam engine is lighter than that of a single-acting one. Similarly, the 
flywheel for a two-stroke cycle engine is lighter than a flywheel used for a four-stroke cycle engine. 
Lighter flywheels are used for multi-cylinder engines. 

12. Governor 

A governor may be defined as a device for regulating automatically output of a machine by 
regulating the supply of working fluid. When the speed decreases due to increase in load the 
supply valve is opened by mechanism operated by the governor and the engine therefore speeds up 
again to its original speed. If the speed increases due to a decrease of load the governor mechanism 
closes the supply valve sufficiently to slow the engine to its original speed. Thus the function of a 
governor is to control the fluctuations of engine speed due to changes of load. 


Comparison between a, Flywheel and a Governor 



Flywheel 

Governor 

1 . 

It is provided on engines and fabricating machines 
viz., rolling mills, punching machines ; shear ma¬ 
chines, presses etc. 

It is provided on prime movers such as engines 
and turbines. 

2. 

Its function is to store the available mechanical 
energy when it is in excess of the load requirement 
and to part with the same when the available energy 
is less than that required by the load. 

Its function is to regulate the supply of driving 
fluid producing energy, according to the load 
requirement so that at different loads almost a 
constant speed is maintained. 

3. 

It works continuously from cycle to cycle. 

It works intermittently Le. only when there is 
change in load. 

4. 

In engines it takes care of fluctuations of speed 
during thermodynamic cycle. 

It takes care of fluctuations of speed due to vari¬ 
ation of load over long range of working engines 
and turbines. 

5. 

In fabrication machines it is very economical to use 
it in that it reduces capital investment on prime 
movers and their running expenses. 

But for governor, there would have been unnec¬ 
essarily more consumption of driving fluid. Thus 
it economies its consumption. 


Types of governor : 

Governors are classified as follows : 


1. Centrifugal governor 

(t) Gravity controlled , in which the centrifugal force due to the revolving masses is largely 
balanced by gravity. 

(ii) Spring controlled , in which the centrifugal force is largely balanced by springs. 

2. Inertia and flywheel governors ^ 

(i) Centrifugal type, in which centrifugal forces play the major part in the regulating action. 

(ii) Inertia governor, in which the inertia effect predominates. 

The inertia type governors are fitted to the crankshaft or flywheel of an engine and so differ 
radically in appearance from the centrifugal governors. The balls are so arranged that the inertia 
force caused by an angular acceleration or retardation of the shaft tends to alter their positions. 
The amount of displacement of governor balls is controlled by suitable springs and through the 
governor mechanism, alters the fuel supply to the engine. The inertia governor is more sensitive 
than centrifugal but it becomes very difficult to balance the revolving parts. For this reason cen- 
trifugal governors are more frequently used. We shall discuss centrifugal governors only. 
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Visit :i W £iv^t^cpm vernors ^ : 

1. Watt governor 2. Porter governor 

3. Proell governor 4. Hartnell governor. 

1. Watt governor 

It is the primitive governor as used by Watt on some of his early steam engines It is used 
for a very slow speed engine and this is why it has now become obsolete. 

fitted on 6 the Tther'end T ^° armS arehin £ ed /t the top of the spindle and two revolving balls are 

ss xr."AT.r.;z,”ir”' - •' -»-*•«• *■ -33 



2. Porter governor 

centnfugal force is just balanced by the inward controlling force. 
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Pig. 2.23. Porter governor. 

3. Proell governor 

Refer Fig. 2.24. It is a modification of porter governor. The governor balls are carried on an 
extension of the lower arms . For given values of weight of the ball, weight of the sleeve and height 
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of the governor a Proell governor runs at a lower speed than a Porter governor. In order to give 
the same equilibrium speed a ball of smaller mass may be used in Proell governor. 

4. Hartnell governor 

The Hartnell governor is a spring loaded governor in which the controlling force, to a great 
extent, is provided by the spring thrust. 

Fig. 2.25 shows one of the types of Hartnell governors. It consists of casing fixed to the 
spindle. A compressed spring is placed inside the casing which presses against the top of the casing 
and on adjustable collars. The sleeve can move up and down on the vertical spindle depending upon 
the speed of the governor. Governor balls are carried on bell crank lever which are pivoted on the 
lower end of the casing. The balls will fly outwards or inwards as the speed of the governor shaft 
increases or decreases respectively. 





Fig. 2.25. Hartnellgbovemor. 

5. Valves and valve gears 

With few exceptions the inlet and exhaust of internal combustion engines are controlled by 
poppet valves. These valves are held to their seating by strong springs, and ai^the valves usually 
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open inwards, the pressure in the cylinder helps to keep them closed. The valves are lifted from 
their seats and the ports opened either by cams having projecting portion designed to give the 
period of opening required or by eccentrics operating through link-work. Of these two methods the 
cam gear is more commonly used, but in either ^^se it is necessary that the valve gear shaft of an 
engine should rotate but once from beginning to end of a complete cycle, however many strokes 
may be involved in the completion of that cycle. This is necessary to secure a continuous regulation 
of the valve gear as required. For this purpose the cams or eccentrics of four-stroke engines are 
mounted on shafts driven by gearing at half the speed of the crankshaft. The curves used for the 
acting faces of the cams depend on the speed of the engine and rapidity of valve opening desired. 

Fig. 2.26 shows a valve gear for I.C. engine. It consists of poppet valve, the steam bushing 
or guide, valve spring, spring retainer, lifter or push rod, camshaft and half speed gear for a four- 
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stroke engine. The poppet valve, in spite of its shortcomings of noise and difficulties of cooling is 
commonly used due to its simplicity and capacity for effective sealing under all operating conditions 
The valve >s subjected to very heavy duty. It holds in combustion chamber and is exposed to high 
temperatures of burning gases. Exhaust valve itself may attaina high temperature while external 
cooling is not available. Special heat resisting alloys are therefore used in the construction of the 
exhaust valve and it may sometimes have a hollow construction filled with mineral salts to provide 
for heat dissipation. The salts become liquid when valve is working and transfer heat from the 
head to the stem from which it is carried through the stem guide to the cylinder block. 

is V prv The tl “ m f ®^. the J alv ®f \ e - their opening and closing with respect to the travel of the piston 
lh V ^ P ° n ^ hme f °J effic,ent wo >-king of the engine. The drive of the camshaft is arranged 
hrough gears or chain and sprocket (called timing gear or timing chain). Any wearing of the gears 

a ? 6pr °, W ° uld , re ? lt in disturbin * the P recise timing Of the valves. It is desirable, 
therefore, to avoid use of multiple gears of long chains in the camshaft drive. 

Valve timing 

m n r ul e T etiCa . Uy ^ 0pen 3nd close at to P dead centre (T.D.C.) or at bottom dead centre 

B.D.a) but practically they do so some time before or after the piston reaches the upper or lower 
limit of travel. There is a reason for this. Look at the inlet valve, for example. It normally opens 
several degrees of crankshaft-rotation before T.D.C. on the exhaust stroke. That is the intake 
vaive begins to open before the exhaust stroke is finished. This gives the valve enough time to 
reach the fully open position before the intake stroke begins. Then, when the intake stroke starts 

valve ' 8 Wlde °P en ■«* fael “fixture can start to enter the cylinder, immedi- 

y. Likewise the intake valve remains open for quite a few degrees of crankshaft rotation after 
the piston has passed B.D.C. at the end of the intake stroke. This allows additional time for air fuel 
mixture to continue to flow into the cylinder. The fact that the piston has already passed B D C 
and is moving up or the compression stroke while the intake valve is still open does not effect the 
movement of air fuel mixture into the cylinder. Actually air fuel mixture is still flowing in as the 
intake valve starts to close. 

- . Th ‘ S 18 due t0 f 1 ® fa f 11181 air ‘ fuel mixture has inertia. That is, it attempts to keep on 

flowing after it once starts through the carburettor and into the engine cylinder. The momentum 
of the mixture then keeps it flowing into the cylinder even though the piston has started up on the 

nower e s TrT P T r ^ T*! ® ore ajr ’ filel mixture »to the cylinder and results in a stronger 

power stroke. In other words, this improves volumetric efficiency. 

R n r F ° r .u S ° me what siD “ lar reas °n. ‘he exhaust valve opens well before the piston reaches 
B.D. C on the power stroke. As the piston nears B.D.C., most of the push on the piston has ended 

the evb ? 18 y TT gthe exhaust valve towards the end of the power stroke. This gives 
the exhaust gases additional time to start leaving the cylinder so that exhaust is wen started by 

e time the piston passes B.D.C. and starts up on the exhaust stroke. The exhaust valve then 
starts opening for some degrees of crankshaft rotation after the piston has passed T.D.C. and 
intake stroke has started. This makes good use of momentum of exhaust gases. They are moving 
rapidly towards the exhaust port, and leaving the exhaust valve open for a few degrees after the 
intake stroke starts giving the exhaust gases some additional time to leave the cylinder. This 

reuTts ThVt m ‘ XtUre ‘,° 6nter ° n the iDtake Str ° ke 80 that the str0I * er ^er stroke 
results, lhat is, it improves volumetric efficiency. 

tvnV„l The aC ! Ua r timine ° f the valves varies With difrerent four stroke cycle engines, but the 
typical example for an engine is shown in Fig. 2.27. Note that the inlet valve opens 15« of crank- 
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shaft rotation before T.D.C. on the exhaust stroke and stays open until 50° of crankshaft rotation 
after B.D.C. on the compression stroke. The exhaust valve opens 50 p before B.D.C. on the power 
stroke and stays open 15° after T.D.C. on the inlet stroke. This gives the two valves an overlap of 
30° at the end of exhaust stroke and beginning of the compression stroke. 




Fig. 2.27. Typical valve timing diagram. 

B. Parts common to petrol engine only : 

Spark-plug 

The main function of a spark-plug is to conduct the high potential from the ignition system 
into the combustion chamber. It provides the proper gap across which spark is produced by apply¬ 
ing high voltage, to ignite the combustion chamber. 

A spark-plug entails the following requirements : 

(t) It must withstand peak pressures up to atleast 55 bar. 

iii) It must provide suitable insulation between two electrodes to prevent short circuiting. 
(uk) It must be capable of withstanding high temperatures to the tune of 2000°C to 2500°C 
over long periods of operation. 

( iv ) It must offer maximum resistance to erosion burning away of the spark points irrespec¬ 
tive of the nature of fuel used. 
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(y) It must possess a high heat resistance so that the electrodes do not become sufficiently 
hot to cause the preignition of the charge within the engine cylinder. 

(vi) The insulating material must withstand satisfactorily the chemical reaction effects of 
the fuel and hot products of combustion* 

(vu) Gas tight joints between the insulator and metal parts are essential under all operating 
conditions. 6 



Fig. 2.28. Spark-plug. 

Refer Fig. 2.28. The spark-plug consists of a metal shell having two electrodes which are 
insulated from each other with an air gap. High tension current jumping from the supply electrode 
produces the necessary spark. Plugs are sometimes identified by the heat range or the relative 
temperature obtained during operation. The correct type of plug with correct width of gap between 
the electrodes are important factors. The spark-plug gap can be easily checked by means of a feeler 
gauge and set as per manufacturer’s specifications. It is most important that while adjusting the 
spark plug it is the outer earthed electrode U 9 tip which is moved in or out gradually for proper 
setting of the gap. No bending force should be applied on the centre-electrode for adjusting the gap 
as this can cause crack and fracture of insulation and the plug may become absolutely useless. 

Porcelain is commonly used as insulating material in spark-plugs, as it is cheap and easy to 
manufacture. Mica can also be used as insulating material for spark-plugs. Mica, however, can¬ 
not withstand high temperatures successfully. 
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• Operating Heat Range : 

— A spark-plug heat range is a measure of the plug’s ability to transfer heat from the 
central electrode and insulator nose to the cylinder-head and cooling system. 

— When the heat absorbed by the plug’s central electrode and insulator nose exceeds 
the capability of the plug to dissipate this heat in the same time, then the plug will 
overheat and the central electrode temperature will rise above its safe operating 
limit of about 900 to 950°C. Above the plug's upper working temperature-limit, the 
central electrode will glow and ignite the air-fuel mixture before the timed spark 
actually occurs . This condition is known as auto-ignition as automatically 
starts the combustion process independently of the controlled ignition spark . The 
danger of this occuring is in the fact that it may take place relatively early in the 
compression stroke. Consequently, the pressure generated in the particular cylin¬ 
der suffering from auto-ignition will oppose the upward movement of the piston. 
Excessive mechanical stresses will be produced in the reciprocating and rotating 
components and an abnormal rise in the cylinder temperature would, if allowed to 
continue, damage the engine. 

— If the plug’s ability to transfer heat away from the central electrode and insulator 
tip exceeds that of the input heat from combustion, over the same time span, then 
the plug’s central electrode and insulator nose would operate at such a low tem¬ 
perature as to permit the formation of carbon deposits around the central nose of 
the plug. This critical lower temperature region is usually between 350°C and 
400°C and, at temperatures below this, carbon or oil deposits will foul the insula¬ 
tion, creating conducting shunts to the inside of the metal casing of the plug. 
Consequently, if deposits are permitted to form, a proportion of the ignition spark 
energy will bypass the plug gap so that there will be insufficient energy left to 
ionize the electrode with the result that misfiring will result. Establishing a heat 
balance between the plug’s input and output heat flow, so that the plug's tempera¬ 
ture remains just in excess of 400°C, provides, a self cleaning action on both the 
surfaces of the electrodes and insulator. 

— A good spark-plug design tries to match the heat flowing from the plug to the heat 
flowing into it, caused by combustion under all working conditions, so that the plug 
operates below the upper temperature limit at full load, but never drops below the 
lower limit when idling or running under light-load conditions. 

• Firing Voltage : 

A certain minimum voltage is necessary to make the spark jump the electrode air gap, 

the actual magnitude of the voltage required will depend upon the following factors : 

(i) Compression pressure (») Mixture strength 

(Hi) Electrode gap (iu) Electrode tip temperature. 

• Tightness of Spark-plug : 

— The seat joint tightness is essential for good heat dissipation. 

— Spark-plugs should not b^ over tightened otherwise the plug metal casing may 
become distorted, causing the central electrode insulator to break its seal and be¬ 
come loose. Combustion gas may then escape through the plug with the result that 
it overheats. 
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internal combustion engines 

Simple carburettor 

? * s*a's* - *.~ ^ * 

fuel-air proportions appropriate to those conditi^ ' 1 conditi °™ of operation 

All modem carburettors are based upon Bernoulli’s theorem. 

, ~. C 2 = 2gh 

head causing tfaTn^“ d A is the 
The equation of mass rate of flow is givenTy ^ n, “ d - 

where p is the density of the fluid and A is^efc^L swH 

In Fig. 2.29 is shown * “ cross-sectional area of fluid stream. 

fuel supplied under gravity action^ byTe,^^ 
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The arrangement is such that when the oil reaches a particular level the float valve M blocks the 
inlet passage and thus cuts off the fuel oil supply. On the fall of oil level, the float descends down 
consequently intake passage opens and again the chamber is filled with oil. Then the float and the 
float valve maintains a constant fuel oil level in the float chamber. Nis the jet from which the fuel 
‘"I 0 D m I St ? am 88 ** entera the ^urettor at the inlet S and passes through the 
inoperative 6 "^" ^ ^ ^ b slighay below the outlet ° f the jet when the carburettor is 

As the piston moves down in the engine cylinder, suction is produced in the cylinder as well 
as in the induction manifold Q as a result of which air flows through the Carburetter. The velocity 
of air increases as it passes through the construction at the venturi R and pressure decreases due 
to conversion of a portion of pressure head into kinetic energy. Due to decreased pressure at the 
ven tan and hence by virtue of difference in pressure (between the float chamber andthe venturi) 
the jet issues fuel oil into am stream. Since the jet has a very fine bore, the oil issuing from the jet 
In^r! iJ 0rm 0f flne ] S P ray ; 11 vapourises quickly and mixes with the air. This air fuel mixture 
vldveT’ 6ngme ^ ; itS qU3ntity COntrolIed b y ™Ting the position of the throttle 

Limitations : 

® ^ th ““ gh theoretical *y ‘be air fuel ratio supplied by a simple (single jet) carburettor 
should remain constant as the throttle goes on opening, actually it provides increasingly 
richer mixture as the throttle is opened. This is because of the reason that the density of 
air tends to decrease as the rate of flow increases. 

(«) During idling, however, the nearly closed throttle causes a reduction in the mass of air 
flowing: through the venturi. At such low rates of air flow, the pressure difference be- 
ween e float chamber and the fuel discharge nozzle becomes very small. It is suffi¬ 
cient to cause fuel to flow through the jet. 

(Ui) Carburett0r does not have arrangement for providing rich mixture during starting and 
warm up. 6 

In order to correct for faults : 

mn ■ ^ “ Umber of com P ens ating devices are used for (if) an idling jet is used which helps in 
miming the engine during idUng. For («i) choke arrangement is used. 

Fuel pump (for carburettor-petrol engine). 

tor ■nHHtf w- 2 30 , ™ S type ° f pump is Used in P^™ 1 e “gbia ^ supply of fuel to the carburet- 
he f:^;r°: 0f h , e T the cam pushes the lever in u P ward direction. One end of 
1’rel ° ther eDd pulIs the diaphragm rod with the diaphragm. So the 

diaphragm comes in the downward direction against the compression of the spring and thus a 

tb vr chamber - “■ —' ** ** *»—^ the P i P ^ 

any de^os ft1 ^™*,T in ' 6t V8 ' Ve ’ the impurities of the fuel; if there is 

in the Upward * b ° WL °“ ^ 8tr ° ke the spring pushes the diaphragm 

outlet valve lreCtl ° n f ° rClng the fUe ' fr0ra the pum P chamber into the carburettor through the 
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Strainer 



Fig. 2.30. Fuel pump for carburettor. 

Parts for Diesel engine only : 

FUEL PUMP 

Refer Fig. 2.31. L is the plunger which is driven by a cam and tappet mechanism at the 
bottom (not shown in the figure) B is the barrel in which the plunger reciprocates. There is the 
rectangular vertical groove in the plunger which extends from top to another helical groove. V is 
the delivery valve which lifts offits seat under the liquid fuel pressure and against the spring force 
OS). The fuel pump is connected to fuel atomiser through the passage P, SP and Y are the spill and 
supply ports respectively. When the plunger is at its bottom stroke the ports SP and Y are uncov¬ 
ered (as shown in the Fig. 2.31) and oil from low pressure pump (not shown) after being filtered is 
forced into the barrel. When the plunger moves up due to cam and tappet mechanism, a stage 
reaches when both the ports SP and Y are elosed and with the farther upward movement of the 
plunger the fhel gets compressed. The high pressure thus developed lifts the deliveiy valve offits 
seat and fuel flows to atomiser through the passage P. With further rise of the plunger, at a certain 
moment, the port SP is connected to the fuel in the upper part of the plunger through the rectan¬ 
gular vertical groove by the helical groove ; as a result of which a sudden drop in pressure occurs 
and the delivery valve falls beck slid occupies its seat against the spring force. The plunger is 
rotated by the rack R which is moved in or out by the governor. My changing the angular position 
of the helical groove (by rotating the plunger ) of the plunger relative to the supply port , the length 
of stroke during which the oil is delivered can be varied and thereby quantity of fuel delivered to 
the engine is also varied accordingly. 
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Fig. 2.31. Fuel pump. 


Fuel atomiser or injector 

Refer Fig. 2.32. It consists of a nozzle valve (iW) fitted in the nozzle body (NB). The nozzle 
valve is held on its seat by a spring *5’ which exerts pressure through the spindle E . ( AS* is the 
adjusting screw by which the nozzle valve liftcan be adjusted. Usually the nozzle valve is set to lift 
at 135 to 170 bar pressure. FP is the feeling pin which indicates whether valve is working properly 
or not. The oil under pressure from the fuel pump enters the injector through the passages B and 
C and lifts the nozzle valve. The fuel travels down the nozzle N and injected into the engine 
cylinder in the form of fine sprays. When the pressure of the oil falls, the nozzle valve occupies its 
seat under the spring force and fuel supply is cut off. Any leakage of fuel accumulated above the 
valve is led to the fuel tank through the passage A. The leakage occurs when the nozzle valve is 
worn out. 
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List of engine parts, materials, method of manufacture and functions : 


Name of the part 

Material 

Function 

Method of 
manufacture 

1. Cylinder 

Hard grade cast iron 

Contains gas under pres¬ 
sure and guides the piston. 

Casting 

2. Cylinder head 

Cast iron or aluminium 

Main function is to seal the 
working end of the cylinder 
and not to permit entry and 
exit of gases on overhead 

Casting, forging 



valve engines. 


3. Piston 

Cast iron or aluminium alloy 

It acts as a face to receive 
gas pressure and transmits 
the thrust to the connect¬ 
ing rod. 

Casting, forging 



4. Piston rings 

Cast iron 

Their main function is to 
provide a good sealing fit be¬ 
tween the piston and cylin¬ 
der. 

Casting 

5. Gudgeon pin 

6. Connecting rod 

Hardened steel 

It supports and allows the 
connecting rod to swivel 

Forging 

Alloy steel; for small engines 

It transmits the piston load 

Forging 


the material may be alu¬ 

to the crank, causing the lat¬ 


minium 

ter to turn, thus converting 
the reciprocating motion of 




the piston into rotary motion 
of the crankshaft 


7. Crankshaft 

In general the crankshaft is 

It converts the reciprocating 

Forging 


made from a high tensile 

motion of the piston into the 


forging, but special cast irons 
are sometimes used to pro¬ 
duce a light weight crank 
shaft that does not require 
a lot of machining. 

rotaiy motion. 


8. Main bearings 

The typical bearing half is 

The function of bearing is to 

Casting 


made of steel or bronze back 
to which a lining of relatively 
soft bearing material is ap¬ 

reduce the friction and allow 
the parts to move easily. 



9. Flywheel 

10. Inlet valve 

plied. 

Steel or cast iron. 

In engines it takes care of 
fluctuations of speed during 
thermodynamic cycle. 

Casting 

Silicon chrome steel with 
about 3% carbon. 

Admits the air or mixture 
of air and fuel into engine 
cylinder. 

Forging 


11. Exhaust valve 

Austenitic steel 

Discharges the product of 
combustion. 

Forging 
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2.8. TERMS CONNECTED WITH I.C. ENGINES 

Refer Fig. 2.33. 




Fig. 2.33. Terms relating I.C engines. 

Bore. The inside diameter of the cylinder is called "bore 

Strode. As the piston reciprocates inside the engine cylinder, it has got limiting upper and 
lower positions beyond which it cannot move and reversal of motion takes place at these limiting 
positions. & 

The linear distance along the cylinder axis between two limiting positions, is called “stroke". 
., 7 T ° P Dea <* Centre (T.D.C.). The top most position of the piston towards cover end side of 
the cylinder is called “top dead centre”. In case of horizontal engines, this is known as inner dead 
centre. 

Bottom Dead Centre (B.D.C.). The lowest position of the piston towards the crank end 
side of the cylinder is called “bottom dead centre”. In case of horizontal engines it i; .ailed outer 
dead centre. 

„ h f f lear f nce volum «- The volume contained in the qy T der above the top of the piston, 
when the piston is at top dead centre, is called the “clearance . .ime”. 

• Bore sizes of engines range from 0.5 m down to 0.5 "m. The ratio of bore of stroke D!L, 
tor small engines is usually from 0.8 to 1.2. 
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— An engine with L - D is often called a square engine ; 

— If L > D the engine is under square ; 

— If L < D the engine is over square. 

large engines are always under square , with stroke lengths up to four times bore 
uiameter. 

Swept volume. The volume swept through by the piston in moving between top dead 
centre and bottom dead centre, is, called "swept volume or piston displacement”. Thus, when 
piston is at bottom dead centre, total volume = swept volume + clearance volume. 

• Typical values for engine displacement range from 0.1 cm 3 for small model airplanes to 
about 8 litres for large automobiles to much large number for large ship engines. The 
displacement of a modern average automobile engine is about two to three litres. 

• For a given displacement volume, a longer stroke allows for a smaller bore (under 
square), resulting in less surface area in the combustion chamber and correspondingly 
less heat loss. This increases thermal efficiency within the combustion chamber. 
However, the longer stroke results in higher piston speed and higher friction losses 
that reduce the output power which can be obtained off the crankshaft. If the stroke is 
shortened, the bore must be increased Bind the engine will be over square. This decreases 
friction losses but increases heat transfer losses. Most modern automobile engines are 
near square, with some slightly over square and some slightly under square. 

Compression ratio. It is ratio of total cylinder volume to clearance volume. 

Refer Fig. 2.33. Compression ratio (r) is given by 

r -- y.+Vc 

V c 

where V s - Swept volume, V c - Clearance volume. 

The compression ratio varies from 5 : 1 to 11 : 1 (average value 7 : 1 to 9 : 1) in S.I. engines 
and from 12 : 1 to 24 : 1 (average value 15 : 1 to 18 : 1) in C.7. engines. 

• Modern spark ignition (S.I.) engines have compression ratios of 8 to 11, while compres¬ 
sion ignition (C.I.) engines have compression ratios in the range 12 to 24. Engines with 
superchargers or turbochargers usually have lower compression ratios than naturally 
aspirated engines. 

• Various attempts have been made to develop engines with a variable compression ratio. 
One such system uses a split piston that expands due to changing hydraulic pressure 
caused by engine speed and load. Some two-stroke cycle engines have been built which 
have a sleeve-type valve that changes the slot opening on the exhaust port. The piston 
where the exhaust port is fully closed can be adjusted by several degrees of engine 
rotation. This changes the effective compression ratio of the engine. 

Piston speed. The average speed of the piston is called “piston speed”. 

Piston speed = 2 LN 

where L - Length of the stroke, and 

N ss Speed of the engine in r.p.m. 

• Average engine speed for all engines will normally be in the range of 5 to 15 m/s with 
large diesel engines on the low end and high performance automobile engines on the 
high end. There are following two reasons why engines operate in this range : 

— First, this is about the safe limit which can be tolerated by material strength of 
the engine components. 

— The second reason why maximum average piston speed is limited is because of the 
gas flow into and out of cylinders. Piston speed determines the instantaneous flow 
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Visi,: **^„„„„ rthi 

room for enlargement. P ’ aes are at a maximum size with no 

Some Other Terms : 

chamber «°» 

Indu-ect IzyecZn a.D.L)’! fudmJecTn bZZk" ** 

divided combustion chamber. Ae secondary chamber of an engine with a 

such as air%i raZ'^ignition tim^veZetiHaS* 0JDCro<f ^ characteristics 

Engine Management System (E.M S c„! “?"** “*"* ***** ft*** etc 

~ C ° mPUter 3nd e ' ec * T °nics used to con J smart 

Wide Open Throttle (W.O T ) Fnm 

~ *“*'«■ *-* * desired ° Perated With "*■ A*r open W Aen ^ 

Ignition Delay (I.D ) Tf i Q .»• 

start of combustion. ' ' lnterval betwe ™ ignition initiation and the actual 

«”r: 0 e ri? ' ork ° n *- y ~ -- «—**., 

(6) Constant pressure or Diesel cycle 
(c) Dual combustion cycle. 

temperature of the air th* f ? P ys h Y means of a fuel injector Dim ^.**1® engine <^Kn- 

about 26 bar The h + r en( ^ c ^ in der during the mm™ ^ Gn C0m P r ®8sed in hot 
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immediately. The fuel iiyection is continued until the point of cut off is reached. The burning of 
fuel at first takes place at constant volume and continues to bum at constant pressure during the 
first part of expansion or working stroke. The field of application of this cycle is heavy oil engines. 

2.10. INDICATOR DIAGRAM 

An indicator diagram is a graph between pressure and volume ; the former being taken on 
vertical axis and the latter on the horizontal axis. This is obtained by an instrument known as 
indicator. The indicator diagrams are of two types : (a) Theoretical or hypothetical, (6) Actual. The 
theoretical or hypothetical indicator diagram is always longer in size as compared to the actual 
one, since in the former losses are neglected. The ratio of the area of the actual indicator diagram 
to the theoretical one is called diagram factor. 

2.11. FOUR STROKE CYCLE ENGINES 

Here follows the description of the four stroke otto and diesel-cycle engines. 

Otto engines. The Otto four stroke-cycle refers to its use in petrol engines, gas engines, 
light oil engines in which the mixture of air and fuel are drawn in the engine cylinder. Since 
ignition in these engines is due to a spark, therefore they are also called spark ignition engines. 
The various strokes of a four stroke (Otto) cycle engine are detailed below. 

Refer Fig. 2.34. 


Alrfuel S.P S.P. S.P. s.P Exhaust 



I.V. = Inlet valve, E.V. « Exhaust valve, E.C. = Engine cylinder, C.R. = Connecting rod 
C = Crank, S.P = Spark plug. 

Fig. 2.34. Four stroke Otto cycle engine. 
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1. Suction stroke. During this stroke (also known as induction stroke) the piston moves 
from top dead centre (T.D.C.) to bottom dead centre (B.D.C.); the inlet valve opens and proportion¬ 
ate fuel air mixture is sucked in the engine cylinder. This operation is represented by the line 5—1 
(Fig. 2.32). The exhaust valve remains closed throughout the stroke. 

2. Compression stroke. In this stroke, the piston moves (1—2) towards (T.D.C.) and 
compresses the enclosed fuel air mixture drawn in the engine cylinder during suction. The pres¬ 
sure of the mixture rises in the cylinder to a value of about 8 bar. Just before the end of this stroke 
the operating-plug initiates a spark which ignites the mixture and combustion takes place at 
constant volume (line 2 3) (Fig. 2.35). Both the inlet and exhaust valves remain closed during the 
stroke. 



Volume-► 

Fig. 2,35. Theoreticalp-V diagram of a four stroke Otto cycle engine. 

3. Expansion or working stroke. When the mixture is ignited by the spark plug the hot 
gases are produced which drive or throw the piston from T.D.C. to B.D.C. and thus the work is 
obtained in this stroke. It is during this stroke when we get work from the engine; the other three 
strokes namely suction, compression and exhaust being idle. The flywheel mounted on the engine 
shaft stores energy during this stroke and supplies it during the idle strokes. The expansion of the 
gases is shown by 3-4. (Fig. 2.35), Both the valves remain closed during the start of this stroke but 
when the piston just reaches the B.D.C. the exhaust valve opens. 

4. Exhaust stroke. This is the last stroke of the cycle. Here the gases from which the work 
has been collected become useless after the completion of the expansion stroke and are made to 
escape through exhaust valve to the atmosphere. This removal of gas is accomplished during this 
stroke. The piston moves from B.D.C. to T.D.C. and the exhaust gases are driven out of the engine 
cylinder ; this is also called scavenging. This operation is represented by the line (1-5) (Fig. 2.35). 

Fig. 2.36 shows the actual indicator diagram of four stroke Otto cycle engine. It may be 
noted that line 5-1 is below the atmospheric pressure line. This is due to the fact that owing to 
restricted area of the inlet passages the entering fuel air mixture cannot cope with the speed of the 
piston. The exhaust line 4-5 is slightly above the atmospheric pressure line. This is due to re¬ 
stricted exhaust passages which do not allow the exhaust gases to leave the engine-cylinder quickly. 
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The loop which has area 4-5-1 is called negative loop ; it gives the pumping loss due to 
admission of fuel air mixture and removal of exhaust gases. The area 1-2-3-4 is the total or gross 
work obtained from the piston and network can be obtained by subtracting area 451 from the area 
1-2-3-4. 



Fig. 2.36. Actual p-V diagram of a four stroke Otto cycle engine. 

Diesel engines (four stroke cycle). As is the case of Otto four stroke ; this cycle too is 
completed in four strokes as follows. (Refer Fig. 2.37). 



F.l. = Fuel injector, I.V. = Inlet valve, E.V. = Exhaust valve 
Fig. 2.37. Four stroke Diesel cycle engine. 
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stroke, the inlet lalve^ from T.D.C. to B.D.C. during this 

Kf exhaust vaIve however ** 

2. Compression stroke. The air drawn at • 

is compressed to high pressure and temperature (tn t “ osp ^ enc Pressure during the suction stroke 
the piston moves from B.D.C. to T D C This ODeraf 6 •** ° 35 bar and 600'C respectively) as 

“/ a. n.. r .t 12 <"» *» 

. m.tmd 

starts burning at constant pressure shown by theline il,ieCt0r 311,1 jt (fue » 

hiel is injected at the end of compression stroke but in ^ & j? 3 SUpply is cut off - ^ 
before the end of the compression stroke. The hot gases of the ^ ^ 8tarts 

4. thus doing work on the piston. The expansions shown ^^ (KgTgS 



Fig. 2.38. Theoretical;,- V diagram of a four stroke Diesel cycle. 

exh? 6 t° ^* atmosphere throug^the MhausfvTlv^When^ T ^ C ' and , the exhaust gases 
(Fig 2.38X Ve ° SeS and the Cyde 13 COmpleted ' This s^oke isTepre^nttd*bythe'Hne £5 

noted that D ‘ esel <** engine. It may be 

restricted area of the inlet passages the entelwT J,ne : Th,s 18 due to the fact that owing to the 
exhaust line 4-5 is slightly above the atmospheric lL^Th^ ^ Bpeed of the P ist °n. The 

passages which do not allow the exhaust gases to W th^l . becau , se / the restricted exhaust 
The loop of area 4 5 l ic ,. a ii ,, \. . the e “S me cybnder quickly. 

air and removal of exhaust gases. TheamaU-W is tl '° SS due to ad ™ s ^n of 

p«.n „ d «„„ k „ be „ bw „ rf by *- “• 
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Volume 


Fig. 2.39. Actual/)-V diagram of four stroke Diesel cycle. 


Valve Timing Diagrams (Ofto and Diesel engines) 

1. Otto engine. Fig. 2.40 shows a theoretical valve timing diagram for four stroke “Otto 



Fig. 2.40. Theoretical valve timing diagram (four stroke Otto cycle engine). 
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instantaneously ; so as^^e^tte^rforma^ 1 ltis difficult to °Pen and close the valve 

Fig. 2.41 is sho^ an acfuaT^ « modified. In 

of the T.D.C. position to enable the fresh c It v? 0pened 10 ° to 30 ° in ad vance 

at the same time, to escape to the atmosnherp^TL ** !f cylinder and to help the burnt gases 
or even 60° after B.D C position The inlpf i 6 S . uctl0n of the continues up to 30°-40° 

mixture starts. ^ 6 ^ Valve cloSes and compression of the entrapped 



%- 2.41. Actual valve timing diagram (four Stroke Otto cycle engines). 

more t£ ^ * *°° ** TDC P° d «°» = *«. fuel gets 

exhaust valve opens 30° to 60° before the* J ° 0 past the TDa Position. The 

cylinder by piston during its unward ™ B * D ’ C _P° slt ion and the gases are driven out of the 
10- past T D.c isitten P m0Vement ' 1116 exhaust valve ^ Piston is nearly 

engine (th^r^^^wTti^ng d^^\^ 0 '^ Ve diagram ofa f°“r stroke “Diesel cycle ” 

to 25° in advance of T.D cTiinn^’, o» er 1116 Same 88 2.40). Inlet valve opens 10° 

opens 30° to 50° in advance of B D C Dosit° SeS *? 5 °° after the BDC - Position. Exhaust valve 
«- Section takes £ST 16 ’ ?" "» TDC ‘ 

T.D.C. position. - C - P ° Sltl0n 00(1 continues UP to 15° to 25° near 
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2.12. TWO STROKE CYCLE ENGINES i 

In 1878, Dugald-clerk, a British engineer introduced a cycle which could be completed in I 
two strokes of piston rather than four strokes as is the case with the four stroke cycle engines. The I 

engines using this cycle were called two stroke cycle engines. In this engine suction and exhaust >j 

strokes are- eliminated. Here instead of valves, ports are used. The exhaust gases are driven out 
from engine cylinder by the fresh charge of fuel entering the cylinder nearly at the end of the * 

working stroke . 

Fig. 2.43 shows a two stroke petrol engine (used in scooters, motor cycles etc.). The cylinder 
L is connected to a closed crank chamber C.C. During the upward stroke of the piston M, the gases 
in L are compressed and at the same time fresh air and fuel (petrol) mixture enters the crank 
chamber through the valve V. When the piston moves downwards, V closes and the mixture in the 
crank chamber is compressed. Refer Fig. 2.43 (i), the piston is moving upwards and is compressing 
an explosive change which has previously been supplied to L. Ignition takes place at the end of the 
stroke. The piston then travels downwards due to expansion of the gases (Fig. 2.43 (ii)) and near 
the end of this stroke the piston uncovers the exhaust port (E.P.) and the burnt exhaust gases 
escape through this port (Fig. 2.43 (iii)). The transfer port (T.P.) then is uncovered immediately, 
and the compressed charge from the crank chamber flows into the cylinder and is deflected up- j 

wards by the hump provided on the head of the piston. It may be noted that the incoming air petrol • 
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leave the cyhnd^the^h £gf J “ 0386 0,686 exWt gases do «* 
piston then again starts moving from B.D C to TD C ^ Gngine wil1 decr ease. The 

(exhaust port) and T.P. are covered b* the piston'; thus the tSisTep g e e lr PreSSed '** * * 






Fig. 2.44. p-V diagram fort, two stroke cycle engine. 
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Fig. 2.44 shows the p-V diagram for a two stroke cycle engine. It is only for the main 
cylinder or the top side of the piston. Fig. 2.45 shows self-explanatory port timing diagram for a 
two stroke cycle engine. 



Fig. 2.45. Port timing diagram. 

In a two stroke Diesel cycle engine all the operations are the same as in the spark ignition 
(Otto cycle) engine with the differences ; firstly in this case, only air is admitted into cylinder 
instead of air fuel mixture and secondly fuel injector is fitted to supply the fuel instead of a 
sparking plug. 

2.13. INTAKE FOR COMPRESSION IGNITION ENGINES 

• The compression ignition (Cl.) engines are operated unthrottled with engine speed 
and power controlled by the amount of fuel injected during each cycle . This allows for 
high volumetric efficiency at all speeds, with the intake system designed for very little 
flow restriction of the incoming air. Further raising the volumetric efficiency is the 
fact that no fuel is added until late in compression stroke, after air intake is fully 
completed. In addition many C.I. engines are turbocharged, which enhances air intake 
even more. 
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• The addition of fuel is made late in the compression stroke, starting somewhere around 
20° before T.D.C. Injectors mounted in the cylinder head inject directly into the com¬ 
bustion chamber, where self ignition occurs due to the high temperature of the air 
caused by compression heating. 

• It is important that fuel with the correct cetane number be used in an engine so that 
self-ignition initiates the start of combustion at the proper cycle position. 

• For C.I. engines, the injection pressure must be much higher than that required for 
S.I. engines. The cylinder pressure into which the fuel is first injected is very high near 
the end of the compression stroke, due to high compression ratio of C.I. engines. By the 
time the final fuel is injected, peak pressure during combustion is being experienced. 
Pressure must be high enough so that fuel spray will penetrate across the entire com¬ 
bustion chamber . Injection pressures of 200 bar to 2000 bar are common with average 
fuel droplet size generally decreasing with increasing pressure. Orifice hole size of 
injectors is typically in the range of 0.2 to 1.0 mm diameter. 

• The mass flow rate of fuel ( m^) through an injector, during injection, is given by the 
relation : 

"V = C d\ JtyfAp ..,(2.1) 

The total mass of fuel ( m y) injected into one cylinder during one cycle is given as : 

m f = C D A n ^2p f Ap (A0/36O N) ...(2.2) 

where, C D - Discharge co-efficient of injector, 

A n = Flow area of nozzle orifice(s), 
py = Density of fuel, 

Ap = Pressure differential across injector, 

A0 = Crank angle through which injection takes place (in degrees), and 
N = Engine speed. 

Again, Pinj ^ Ap ...(2.3) 

an d, p^ ~ N* ...(2.4) 

(To ensure that the crank angle of rotation through 
which injection takes place is almost constant for all speeds) 
— Large engines must have very high injection pressure and high spray velocity. 

— For optimum fuel viscosity and spary penetration , it is important to have fuel at 
the correct temperature. 

(Often engines are equipped with temperature sensors and means of heating or 
cooling the incoming fuel. Many large truck engines are equipped with heated fuel 
filters. This allows the use of cheaper fuel that has less viscosity control . 

— In small engines more costly , lower viscosity fuel is required. 

2.14. COMPARISON OF FOUR STROKE AND TWO STROKE CYCLE ENGINES 


S.No. 

Aspects 

Four Stroke Cycle Engines 

Two Stroke Cycle Engines 

1 . 

Completion of cycle 

The cycle is completed in four 
strokes of the piston or in two revo¬ 
lutions of the crankshaft. Thus one 
power stroke is obtained in every 
two revolutions of the crankshaft. 

The cycle is completed in two 
strokes of the piston or in one revo¬ 
lution of the crankshaft . Thus one 
power stroke is obtained in each 
revolution of the crankshaft. 


Visit: www.Civildatas.com 


INTRODUCTION TO INTERNAL COMBUSTION ENGINES 


79 


S.No. 

Aspects 

Four Stroke Cycle Engines 

Two Stroke Cycle Engines 

2. 

Flywheel required 
-heavier or lighter 

Because of the above turning-move¬ 
ment is not so uniform and hence 
heavier flywheel is needed. 

More uniform turning movement and 
hence lighter flywheel is needed. 

3. 

Power produced for 
same size of engine * 

Again because of one power stroke 
for two revolutions, power produced 
for same size of engine is small or for 
the same power the engine is heavy 
and bulky. 

Because of one power stroke for one 
revolution, power produced for same 
size of engine is more (theoretically 
twice, actually about 1.3 times) or for 
the same power the engine is light 
and compact. 

4. 

Cooling and lubrica¬ 
tion requirements 

Because of one power stroke in two 
revolutions lesser cooling and lubri¬ 
cation requirements. Lesser rate of 
wear and tear. 

Because of one power stroke in one 
revolution greater cooling and lubri¬ 
cation requirement. Great rate of 
wear and tear. 

5. 

Value and valve mecha¬ 
nism 

The four stroke engine contains valve 
and valve mechanism. 

Two stroke engines have no valves 
but only ports (some two stroke en¬ 
gines are fitted with conventional 
exhaust valves). 

6. 

Initial cost 

Because of the heavy weight and com¬ 
plication of valve mechanism, higher 
is the initial cost. 

Because of light weight and simplic¬ 
ity due to absence of valve mecha¬ 
nism, cheaper in initial cost. 

7. 

Volumetric efficiency 

Volumetric efficiency more due to more 
time of induction. 

Volumetric efficiency less due to lesser 
time for induction. 

8. 

Thermal and part-load 
efficiencies 

Thermal efficiency higher, part load 
efficiency better than two stroke cy¬ 
cle engine. 

Thermal efficiency lower, part load 
efficiency lesser than four stroke cy¬ 
cle engine. 

9. 

Applications 

Used where efficiency is important; 
in cars, buses, trucks, tractors, indus¬ 
trial engines, aeroplane, power gen¬ 
erators etc. 

In two stroke petrol engine some fuel 
is exhausted during scavenging. 
Used where (a) low cost , and (b)com- 
pactness and light weight important. 
Two stroke (air cooled) petrol engines 
used in very small sizes only, lawn 
movers, scooters motor cycles (lubri¬ 
cating oil mixed with petrol). 

Two stroke diesel engines used in very 
large sizes more than 60 cm bore, for 
ship propulsion because of low 
weight and compactness. 

2.15. C 
E 

OMPARISON OF SPARK IGNITION (S.I.) AND COMPRESSION IGNITION (C.I.) 
NGINES 

S.No. 

Aspects 

S.I. engines 

C.I . engines 

1. 

Thermodynamic cycle 

Otto cycle 

Diesel cycle.For slow speed 

engines 

Dual cycle.For high speed engines 

2. 

Fuel used 

Petrol 

Diesel. 
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S.No. 

Aspects 

SJ. engines 

C.7. engines 

3. 

Air-fuel ratio 

10: lto20:1 

18:lto 100:1. 

4. 

Compression ratio 

upto 11; 

12 to 24; 



Average value 7 to 9; 

Average value 15 to 18; 



Upper limit of compression ratio 
fixed by anti-knock quality of fuel. 

Upper limit of compression ratio is 
limited by thermal and mechanical 




stresses. 

5. 

Combustion 

Spark ignition 

Compression ignition. 

6. 

Fuel supply 

By carburettor.cheap method 

By injection.expensive method. 

7. 

Operating pressure 

00 Compression 

7 bar to 15 bar 

30 bar to 50 bar 


pressure 

45 bar to 60 bar 

60 bar to 120 bar. 


(«) Maximum pressure 


8. 

Operating speed 

High speed: 2000 to 6000 r.p.m. 

Low speed: 400 r.p.m. 

Medium speed: 400 to 1200 r.p.m. 
High speed: 1200 to 3500 r.p.m. 

9. 

Control of power 

Quantity governing.by throttle 

Quality governing.by rack. 

10. 

Calorific value 

44MJ/kg 

42 MJ/kg. 

11. 

Cost of running 

high 

low. 

12. 

Maintenance cost 

Minor maintenance required 

Major overall required but less fre¬ 
quently. 

13. 

Supercharging 

Limited b ydetonation. Used only in 

Limited by blower power and me¬ 



aircraft engines. 

chanical and thermal stresses. Widely 

14. 

Two stroke operation 

Less suitable , fuel loss in scaveng¬ 

No fuel loss in scavenging. More 



ing. But small two stroke engines 
are used in mopeds, scooters and 
motorcycles due to their simplicity 
and low cost. 

suitable. 

15. 

High powers 

No 

Yes. 

16. 

Distribution of fuel 

A/F ratio is not optimum in multi¬ 

Excellent distribution of fuel in multi¬ 



cylinder engines. 

cylinder engines. 

17. 

Starting 

Easy, low cranking effort. 

Difficult, high cranking effort. 

18. 

Exhaust gas tempera¬ 
ture 

High, due to low thermal efficiency. 

Low, due to high thermal efficiency. 

19. 

Weight per unit power 

Low (0.5 to 4.5 kg/kW). 

High (3.3 to 13.5 kg/kW). 

20. 

Initial capital cost 

Low 

High due to heavy weight and study 
construction, costly construction, 
1.25-1.5 times. 

21. 

Noise and vibration 

Less 

More idle noise problem. 

22. 

Uses 

Mopeds, scooters, motorcycles, sim¬ 

Buses, trucks locomotives, tractors, 



ple engine passenger cars, aircrafts 

earth moving machinery and station¬ 



stc. 

ary generating plants. 
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SNo. 

Petrol engine 

Diesel engine 

1 . 

Air petrol mixture is sucked in the engine cylin¬ 
der during suction stroke. 

Only air is sucked during suction stroke. 

2. 

Spark plug is used. 

Employs an injector. 

3. 

Power is produced by spark ignition. 

Power is produced by compression ignition. 

4. 

Thermal efficiency up to 25%. 

Thermal efficiency up to 40%. 

5. 

Occupies less space. 

Occupies more space. 

6. 

More running cost. 

Less running cost. 

7. 

Light in weight. 

Heavy in weight. 

8. 

Fuel (Petrol) costlier. 

Fuel (Diesel) cheaper. 

9. 

Petrol being volatile is dangerous. 

Diesel is non-dangerous as it is non-volatile. 

10. 

Pre-ignition possible. 

Pre-ignition not possible. 

11. 

Works on Otto cycle. 

Works on Diesel cycle. 

12. 

Less dependable. 

More dependable. 

13. 

Used in cars and motor cycles. 

Used in heavy duty vehicles like trucks, buses 
and heavy machinery . 


2.17. HOW TO TELL A TWO STROKE CYCLE ENGINE FROM A FOUR STROKE 
CYCLE ENGINE ? 


S.N* 

Distinguishing features 

Four stroke cycle engine 

Two stroke cycle engine 

1 . 

Oil sump and oil-filter plug 

It has an oil sump and oil-filter 
plug. 

It does not have oil sump and oil- 
filter plxig. 

2. 

Oil drains etc. 

It requires oil drains and refills 
periodically, just an automobile 
do. 

In this type of engine, the oil is 
added to the gasoline so that a 
mixture of gasoline and oil passes 
through the carburettor and en¬ 
ters the crankcase with the air. 

3. 

Location of muffler 
(exhaust silencer) 

It is installed at the head end of 
the cylinder at the exhaust valve 
location. 

It is insi *:d towards the middle 
of the cy; aider, at the exhaust port 
location. 

4. 

Name plate 

If the name plate mentions the 
type of oil and the crankcase ca¬ 
pacity, or similar data, it is a four 
stroke cycle engine. 

If the name plate tells to mix oil 
with the gasoline, it is a two stroke 
cycle engine. 
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1. 


2 . 

a 


5. 

a 


7. 

a 

a 


10 . 


li. 


12 . 


INTERNAL COMBUSTION ENGINES 


HIGHLIGHTS 


° r machine wh j ch derives heat ener gy from the combustion of fuel or any other source 

and converts this energy mto mechanical work is termed as a heat engine. 

,Wtin riCt ' 0n t ° fa C ( a r burettor “ t0 atomise and meter the liquid fuel and mix it with air as it enters the 
mate lo"ho V se c rdit,ons ngme ^ aU C ° nditi ° nS ° f ° perati ° n fael a ‘r proportion approxi- 

The two basic ignition systems in current use are : 

(i) Battery or coil ignition system 
(it) Magneto ignition system. 

Following are the methods of governing I.C. engines : 

«) Hit and miss method (« Quality governing 

(tit) Quantity governing. 

rcrirr th ! Pr r atU v C “ mbustion which starts »*«*• the application of spark. Overheated spark 
p ugs and exhaust valves which are the main causes of pre-ignition should be carefully avoided in engines. 

to .P ressur ® combustion accompanied by metallic hammer like sound is called 

" , ' r ( eglon m " Iuch detonation occurs is farthest removed from the sparking plug, and is 

quarter the dfar^voZe "" det ° nati ° D ^ Z ° ne rare * mara ‘ baa ‘het one 

"T*?? th f per f ntage 0f 0Ctane ® the mixtur e [of iso-octane (high rating) and normal 
heptane (low rating), by volume] which knocks under the same conditions as the fuel. 

process be°i^P < hi^t! , rI 0n ** *“"* i f rnediatel y Allowing injection of fuel during which the ignition 

of air 6 g t d d ** P re,,sure doe s not rise beyond the value it would have due to compression 

implies aTow c^ane va'hie^ 6 * eE8er ' S the pr0 P ens * t y f° r diesel knock. In general a high octane value 

tibuJZ 10 T 86 volumetric efficiency above that value that which can be 
“ T ,° n ' ® Uper ? hai ^e “fpet-' engines, because of its poor fuel economy, is not 

compete aUUudeki * “ ° f P ° Wer to needed ° r when *"•« «• needed to 

wUhtfmne t0 of burnt ^ at W g h temperatures. It is a reversible process and 

mcreasc with temperature. Dissociation, in general, causes a loss of power and efficiency 

Performance of I.C. engines. Some important relations: 


T j- , , np^ZANkxlQ 

(i) Indicated power (I.P.) = ——-- 


«0B. (-ifSH 


(Hi) Mechanical efficiency, T] 


_ ILL 

iech _ i.p. 


(it') Thermal efficiency (indicated), = 


and thermal efficiency (brake), 


I.P. 
rhf xC 

: B.P. 
rhf xC 


where = mass of fuel used in kg/sec. 


(v) ri - ^thermal 

' ■relative _ 

T 1 air-standard 
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(vi) Measurement of air consumption by air box method : 

K 

Volume of air passing through the orifice, V g = 840 AC, 
and mass of air passing through the orifice, 

m a = 0.066 C d x (P 'Jhupa kg/min 

where 


10. 


A 

d 

h w 

Pa 


= Area of orifice, m 2 
= Diameter of orifice, cm 
= Head of water in ‘cm* causing the flow 
= Density of air in kg/m 3 under atmospheric conditions. 


OBJECTIVE TYPE QUESTIONS 


Choose the correct answer: 

In a four stroke cycle engine, the four operations namely suction, compression, expansion and exhaust are 
completed in the number of revolutions of crank shaft equal to 
(a) four (b) three 

(c) two W) one - 

In a two stroke cycle engine, the operations namely suction, compression, expansion and exhaust are 

completed in the number of revolutions of crank shaft equal to 

(a) four (M tora 

(c) two (d) e* 16 - 

In a four stroke cycle S.I. engine the cam shaft runs 

(o) at the same speed as crank shaft (6) at half the speed of crank shaft 

(c) at twice the speed of crank shaft (d) at any speed irrespective of crank shaft speed. 

The following is an S.I. engine 

(a) Diesel engine (b) Petrol engine 

(c) Gas engine (d) none of the above. 

The following is C.I. engine 

(a) Diesel engine (6) Petrol engine 

(c) Gas engine (d) none of the above. 

In a four stroke cycle petrol engine, during suction stroke 

(a) only air is sucked in (b) only petrol is sucked in 

(c) mixture of petrol and air is sucked in (d) none of the above. 

In a four stroke cycle diesel engine, during suction stroke 

(o) only air is sucked in (b) only fuel is sucked in 

(c) mixture of fuel and air is sucked in (d) none on the above. 

The two stroke cycle engine has 

(а) one suction valve and one exhaust valve operated by one cam 

(б) one suction valve and one exhaust valve operated by two cams 

(c) only ports covered and uncovered by piston to effect charging and exhausting 

(d) none of the above. 

For same output, same speed and same compression ratio the thermal efficiency of a two stroke cycle petrol 
engine as compared to that for four stroke cycle petrol engine is 
(a) more (W l ess 

(c) same as long as compression ratio is same (d) same as long as output is same. 

The ratio of brake power to indicated power of an I.C. engine is called 
(a) mechanical efficiency (b) thermal efficiency 

(c) volumetric efficiency (d) relative efficiency. 


i 
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ANSWERS 


L (c) 2- W) a (6) 4 (6 ) K , . 

& fc> 9. (6) m (a). *■ (a) 6 (C) 7 * (a) 


theoretical questions 


a basic ° f 
4 

5- Differentiate between a flywheel and a governor 

III n** thC functi0D ofa carburettor in a petrol engine 

8. Explain the following terms as applied to 1C. engines : 

ia What P romo d tlTthrLv^pment e of < twT I VaIve timin £ diagrams of a diesel engine ? 

engines ? P “t ° f *** stroke ? What are the two main types of two stoke 

differs from that of four stroke ^ ignition (SI) “S"' * 1 2 3 4 * 6 - Howits indicator diagram 

“■ C ° mpare reIat ive advantages a „d disadvantages of four stroke and two stroke cycle engines. 
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Air Standard Cycles 


3.1. Definition of a cycle. 3.2. Air standard efficiency. 3.3. The Carnot cycle. 3.4.^ Constant 
volume or Otto cycle. 3.5. Constant pressure or Diesel cycle. 3.6. Dual combustion cycle. 
3.7. Comparison of Otto, Diesel and Dual combustion cycles—Efficiency versus compression 
ratio—For the same compression ratio and the same heat input—For constant maximum 
pressure and heat supplied. 3.8. Atkinson cycle. 3.9. Ericsson cycle. 3.10. Brayton cycle. 
3.11. Stirling cycle. 3.12. Miller cycle. 3.13. Lenoir cycle—Highlights—Objective Type Questions— 
Theoretical Questions—Unsolved Examples. 


3.1. DEFINITION OF A CYCLE 

A cycle is defined as a repeated series of operations occuring in a certain order. It may be 
repeated by repeating the processes in the same order. The cycle may be of imaginary perfect 
engine or actual engine. The former is called ideal cycle and the latter actual cycle. In ideal 
cycle all accidental heat losses are prevented and the working substance is assumed to behave like 
a perfect working substance. 

3.2. AIR STANDARD EFFICIENCY 

To compare the effects of different cycles, it is of paramount importance that the effect of the 
calorific value of the fuel is altogether eliminated and this can be achieved by considering air 
(which is assumed to behave as a perfect gas) as the working substance in the engine cylinder. The 
efficiency of engine using air as the working medium is known as an “Air standard efficiency . 
This efficiency is oftenly called ideal efficiency. 

The actual efficiency of a cycle is always less than the air-standard efficiency of that cycle 
under ideal conditions. This is taken into account by introducing a new term “Relative effi¬ 
ciency" which is defined as : 

Actual thermal efficiency ...(3.1) 

firelative Ai r standard efficiency 

The analysis of all air standard cycles is based upon the following assumptions : 

Assumptions : 

1. The gas in the engine cylinder is a perfect gas i.e ., it obeys the gas laws and has con¬ 
stant specific heats. 

2. The physical constants of the gas in the cylinder are the same as those of air at moder¬ 
ate temperatures i.e., the molecular weight of cylinder gas is 29. 

Cp = 1.005 kJ/kg-K, c p = 0.718 kJ/kg-K. 

3. The compression and expansion processes are adiabatic and they take place without 
internal friction, i.e., these processes are isentropic. 

4. No chemical reaction takes place in the cylinder. Heat is supplied or rejected by bring¬ 

ing a hot body or a cold body in contact with cylinder at appropriate points during the 

process. 
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5. The cycle is considered closed with the same ‘air’ always remaining in the cylinder to 
repeat the cycle. 


3.3. THE CARNOT CYCLE 

This cycle has the highest possible efficiency and consists of four simple operations namely, 

(a) Isothermal expansion 

(b) Adiabatic expansion 

(c) Isothermal compression 

(cl) Adiabatic compression. 

The condition of the Carnot cycle may be imagined to occur in the following way : 

One kg of a air is enclosed in the cylinder which (except at the end) is made of perfect non¬ 
conducting material. A source of heat ‘H* is supposed to provide unlimited quantity of heat, non¬ 
conducting cover *C and a sump ‘S’ which is of infinite capacity so that its temperature remains 
unchanged irrespective of the fact how much heat is supplied to it. The temperature of source H is 
Tj and the same is of the working substance. The working substance while rejecting heat to sump 
* s> has the temperature T 2 i.e., the same as that of sump S. 

Following are the four stages of the Carnot cycle. Refer Fig. 3.1 (a). 



HZ] 





Non-Conducting 
walls and piston 


T+ 



3 


-►s 


(a) Four stages of camot cycle 
Fig. 3.1 


(b)T-s diagram 
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Stage (I). Line 1-2 [Fig. 3.1 (a)] represents the isothermal expansion which takes place at 
temperature T x when source of heat H is applied to the end of cylinder. Heat supplied in this case 
is given by RT 1 log e r and where r is the ratio of expansion. 

Stage (2). Line 2-3 represents the application of non-conducting cover to the end of the 
cylinder. This is followed by the adiabatic expansion and the temperature falls from T x toT 2 . 

Stage (3). Line 3-4 represents the isothermal compression which takes place when sump 
‘S’ is applied to the end of cylinder. Heat is rejected during this operation whose value is given by 
RT 2 \og e r where r is the ratio of compression. 

Stage (4). Line 4-1 represents repeated application of non-conducting cover and adiabatic 
compression due to which temperature increases from T 2 to T v 

It may be noted that ratio of expansion during isothermal 1-2 and ratio of compression 
during isothermal 3-4 must be equal to get a closed cycle. 

Fig. 3.1 (6) represents the Carnot cycle on T-s coordinates. 

Now according to law of conservation of energy, 

Heat supplied = Work done + Heat rejected 

Work done = Heat supplied - Heat rejected 


Efficiency of cycle 


= RT l . log e r - RT 2 log e r 
_ Work done R log e r (7\ -T 2 ) 
Heat supplied RT X . log c r 


„ ZWk ...(3.2) 

*1 

From this equation, it is quite obvious that if temperature T 2 decreases, efficiency increases 
and it becomes 100% if T 2 becomes absolute zero which, of course is impossible to attain. Further 
more it is not possible to produce an engine that should work on Carnot’s cycle as it would 
necessitate the piston to travel very slowly during first portion of the forward stroke (isothermal 
expansion) and to travel more quickly during the remainder of the stroke (adiabatic expansion) 
which however is not practicable. 

Example 3.1. A Carnot engine working between 400°C and 40°C produces 130 kJ of work. 
Determine : 

( i) The engine thermal efficiency. 

(ii) The heat added . 

(Hi) The entropy changes during heat rejection process. 

Solution. Temperature, T x = T 2 = 400 + 273 = 673 K 

Temperature, T 3 = T A = 40 + 273 = 313 K 

Work produced, W = 130 kJ. 

(t) Engine thermal efficiency, : 


(ii) Heat added : 


i.e., 


Heat added 


%h. ~ 


673-313 

673 


0.535 or 53.5%. (Ans.) 




0.535 = 


Work done 
Heat added 
130 

Heat added 


130 

0.535 


= 243 kJ. 


(Ans.) 


! 

[ 
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(iii) Entropy change during the heat rejection process, (S 3 - S ) : 
Heat rejected = Heat added - Work done 4 

= 243 - 130 = 113 kj 



Fig. 3.2 


Heat rejected = T„ (S 3 - S t ) = 113 

c , 113 113 

(S 3 - S 4 ) = — = — = 0.361 kJ/K. (Ans.) 

rt- . Exa ™P le 3 - 2 0.5 kg of air (ideal gas) executes a Carnot power cycle having a thermal 

theT? ° fS P rr L T l e heat , transfer t0 the air during the isother ^ expansion is 40 kJ. At 
Determine ^ ^ hermal ex P ansion the pressure is 7 bar and the volume is 0.12 m 3 . 

(i) The maximum and minimum temperatures for the cycle in K • 

(li) The volume at the end of isothermal expansion in m 3 ; 

(iii) The heat transfer for each of the four processes in kj. 

For air c„ = 0.721 kj/kg K, and c p = 1.008 kj/kg K. (U.P.S.C. 1993) 

. o Soluti °n- Refer Fig. 3.3 Given : m = 0.5 kg ; = 50% ; Heat transfered during isother¬ 

mal expansion - 40 kJ ; p, = 7 bar. V, = 0.12 m 3 ; c v = 0.721 kj/kg K ; c = 1.008 kJ/kgV 

(i) The maximum and minim um temperatures, Tj, T • 

Pi v i ~ mRT 1 

7 x 10 5 x 0.12 = 0.5 x 287 x T x 


Maximum temperature, 


7 x10 s x 0.12 
0.5 x 287 


585.4 K. Ans. 


Minimum temperature, 


^ =» 0.5= ™ ±T. T * 

T \ 585.4 

T 2 = 585.4 - 0.5 x 585.4 = 22.7 K. (Ans.) 


^ cycle “ 
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(ii) The volume at the end of isothermal expansion V 3 J 

Heat transferred during isothermal expansion 



T4 



T*S diagram 


>S 


Fig. 3.3. Carnot cycle. 

(V. 


= p ] V 1 ln(r) = mRT x In 1 = 40 x 10 3 .(Given) 


0.5 x 287 x 585.4 In 


0.12 


= 40 x 10 3 


In 


0.12 


40 x 10 3 


= 0.476 


0.5 x 287 x 585.4 
: 0.12 x (e) 0476 = 0.193 m 3 . (Ans.) 


(iii) The heat transfer for each of the four processes 


Process 

Classification 

Heat transfer 

1—2 

Isothermal expansion 

40 kJ 

2—3 

Adiabatic reversible expansion 

zero 

3—4 

Isothermal compression 

-40 kJ 

4—1 

Adiabatic reversible compression 

zero. (Ans.) 

^Example 3.3. In a 

Carnot cycle, the maximum pressure and temperature are limited to 


18 bar and 410 C. The ratio of isentropic compression is 6 and isothermal expansion is 1.5. 
Assuming the volume of the air at the beginning of isothermal expansion as 0.18 m 3 , determine : 
(i) The temperature and pressures at main points in the cycle. 

(ii) Change in entropy during isothermal expansion. 

(iii) Mean thermal efficiency of the cycle. 

( iv ) Mean effective pressure of the cycle. 

(u) The theoretical power if there are 210 working cycles per minute. 
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Solution. Refer Fig. 3.4. 

Maximum pressure, p x = 18 bar 

Maximum temperature, 7\ = (T 2 ) = 410 + 273 = 683 K 

Ratio of isentropic (or adiabatic) compression, —- = 6 

V 

Ratio of isothermal expansion, — = 1.5. 

Volume of the air at the beginning of isothermal expansion, = 0.18 m 3 . 
(i) Temperatures and pressures at the main points in the cycle : 

For the isentropic process 4-1 


h 



= (6) 1 - 4 - 1 = (6)° 4 = 2.05 


2.05 


683 

2.05 


= 333.2 K = T 3 



For the isothermal process 1-2 

PlVl=P2 V 2 


P2 


PiV 1 

V 2 


18 

1.5 


12 bar 


For isentropic process 2-3, we have 

iW=P 3 V3 T 
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P3=P 2 X&) = 12 *(^ 


= 12 x J = 0.97 bar. (Ans.) 

Hence P: = 18 bar T 1 = T 2 = 683 K 

p 2 = 12 bar 

P 3 = 0.97 bar T 3 = T A = 333.2 K 
p 4 -1.46 bar 
(«) Change in entropy : 

Change in entropy during isothermal expansion, 

V, 


[., a. 

L v i 


.Vj. 

V 2 


(Ans.) 




pV = mRT 
mR = &- 


18 x 10 5 x 0.18 


10 3 x 683 

(Hi) Mean thermal efficiency of the cycle : 

(V 2 

Heat supplied, Q, = log e I y 

= 683 x 0.192 = 131.1 kJ 


Heat rejected, 


log (1.5) = 0.192 kJ/K. (Ans.) 


Efficiency , 


Q r = p 4 v 4 iog e (jr ^ 

= 7 * (s 3 _ S 4 ) because increase in entropy during heat addition 
is equal to decrease in entropy during heat rejection. 

Q r = 333.2 x 0.192 = 63.97 kJ 

Q s « Qr 

,i=_ Qr- 1 _ Q 8 

- 1 _ = 0.512 or 51.2%. (Ans.) 


131.1 

(m) Mean effective pressure of the cycle, p m : 

The mean effective pressure of the cycle is given by 
Work done per cycle 
P m Stroke volume 

^3 


: 6 x 1.5 — 9 


Stroke volume. 


= V 3 - V, = 9Vj - V 1 = SV 1 = 8 x 0.18 = 1.44 m 3 


Pm = 


(Q,-Q r )x J _ (Q m -Q r )*l 


(v J = 1) 


_ (131.1-63.97) x 10 = 0.466 bar. (Ans.) 
1.44 x10 s 


J 
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(u) Power of the engine, P : 

Power of the engine working on this cycle is given by 

F i q P a (131.1 - 63.97) x (210/60) = 234.9 kW. (Ans > 

temperature of the sink ° f J k t W input into Work - When the 

source and the sink. Q » doubled. Find the temperature of the 

Solution. Let = Temperature of the source (K), and 

T 2 ~ Temperature of the sink (K) 

first case : 


ie. f 

or 


T\-To 


6 Tj - 6 T 2 : 


Second case : 

a - [To - 


5 T x = 6T 2 


or T, = 1.27 1 , 


..(») 


(70 + 273)J 


T 1 -T, + 343 1 




or 


and 


= i.2 r 2 ) 


SPj - 3 T 2 + 1029 = Ty 

27’ 1 = 3r 2 - 1029 

2 x ( 1 . 2 T 2 ) = 3r 2 - 1029 

2.4T 2 = 3 T 2 - 1029 
0 . 6 T 2 = 1029 

1029 

0.6 

^*i = 1 ■2 x 1715 = 2058 K or 1785°C (Ans ) 

"MfntfSs. kfir^n. ThTtZferZrJtnirZrcTl jrj£ ^thT f* ^ “ Aea * 

Ajs c/aim possible ? ' s °urce is 1990 K and that of sink is 850 K. Is 


To = 


= 1715 K or 1442°C. (Ans.) 


Solution. Temperature of heat source, 

Temperature of sink, 

Heat supplied, 

Power developed by the engine. ^ = „ , Kw 

The most efficient engine is one that works on Carnot cycle 

n - Tl 1990 - 850 

‘camot 


7 1 ! = 1990 K 
T 2 = 850 K 
= 32.5 kJ/min 
P = 0.4 kW 


Also, thermal efficiency of the engine, 


1990 




Work done 


0.4 


0.573 or 57.3% 


0.4 x 60 


Heat supplied ~ (32.5/60) ~ ~ 32.5 
, . . . = 0.738 or 73.8% 

which is not feasible as no engine can be more efficient than thm 

Hence claims of the inventor is not true. & °" ^ 
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Example 3.6. An ideal engine operates on the Carnot cycle using a perfects gas as the 
working fluid. The ratio of the greatest to the least volume is fixed and is x : 1, the lower tempera¬ 
ture of the cycle is also fixed, but the volume compression ratio Y of the reversible adiabatic 
compression is variable. The ratio of the specific heats is y. 

Show that if the work done in the cycle is a maximum then, 

(r- V log , - + -fr -1 = 0. 

r r J 

Solution. Refer Fig. 3.1. 



During isotherms, since compression ratio = expansion ratio 


Yi _ v* 
v 4 - V, 


Also 


Va 

V 4 


Work done per kg of the gas 



v 4 


= x X 


1 

r 


x 

r 


x x 

= Heat supplied - Heat rejected =RT 1 log e — —RT 2 log e — 
= R(Ty - T 2 ) log. f = RT 2 (A - lj log, f 


But 


s. 

To 


Work done per kg of the gas, 



or 


or 


or 


or 


W=RT 2 (r lr * 1 -1) log, - 
r 

Differentiating W w.r.t. Y and equating to zero 

(Y ~ 1 - 1)|C x (-xr“ 2 )| + log e ^-{(y -l)r Y_2 } 

(r Y_1 -l)^-ij + (y- 1) x r Y-2 log c j = 0 

- r T-2 +i + r Y-2 (y - 1) log - =0 

r r 

r Y ~ 2 |-l+ ^ +(Y-l)log e =0 

- 1 + —+ (Y“ D lo g e - = 0 
r.Y r 

x 1 

(Y - 1) log, — + v -1 = 0. Proved, 
r Y~ 



= 0 
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3.4. CONSTANT VOLUME OR OTTO CYCLE 


This cycle is so named as it was conceived by ‘Otto’. On this cycle, petrol, gas and many 
types of oil engines work. It is the standard of comparison for internal combustion engines 

tively g ' 3 5 M and (W Sh<WS tte theoretira1 ^ dia g rai ” and T-s diagrams of this cycle respec- 

tempeiltor?‘ 1 repreSentS that Cylinder is ful1 of air with ™'™e V„ pressure p, and absolute 

v 12 re P re f ents the adiabatic compression of air due to which p., V, and T, change to p„ 

v 2 and T 2 respectively. 11 1 6 

n „ a Sh0W " the supply of heat to the air at constant volume so that p, and T, change to 

p 3 and T 3 (V 3 being the same as V 2 ). 2 

Line 3-4 represents the adiabatic expansion of the air. During expansion p~, V, and T, 
change to a final value of p 4 , V 4 or V x and T 4 respectively. 3 

reaches ' 1116 ^ Sh ° WS the rej€ction of heat by “ r at constant volume till original state (point 1 ) 

Consider 1 kg of air (working substance) : 

Heat supplied at constant volume = c v (T 3 - T 2 ). 

Heat rejected at constant volume = c v (T 4 - T x ). 

But, work done = heat supplied - heat rejected 


Efficient = 


Work done 
Heat supplied 


^(?3-r 2 )-c„ (r 4 -r,) 

c 0 (T 3 -T 2 ) 



(a) 


—(f) 



s 


(b) 


Fig. 3.5 


Visit: www.Civildatas.com 


AIR STANDARD CYCLES 


95 


Let compression ratio, r c (= r) = 


and expansion ratio. 


H 

r, (= r) = — 
«3 


(These two ratios are same in this cycle) 


As 

Then, 

Similarly, 


£2 _ \ v\ 


y 2 


T - 1 


Ti 


T 2 =T x . (r) Y “ 

j-l 

^3 

T 3 = T 4 . (r) 7 ' 


Inserting the values of T 2 and T 3 in equation (i), we get 


= 1 - 


T a -Ti 


T 4 . (r ) 7-1 — T x . (r) 7 ~ 


= 1 - 


r Y- 1 (7 T 4 - 2\) 


= 1 


(r) Y ~ 


...(3.3) 


This expression is known as the air standard efficiency of the Otto cycle. 

It is clear from the above expression that efficiency increases with the increase in the value 
of r, which means we can have maximum efficiency by increasing r to a considerable extent, but 
due to practical difficulties its value is limited to about 9. 

The net work done per kg in the Otto cycle can also be expressed in terms of p, v. If p is 
expressed in bar i.e. 10 5 N/m 2 , then work done 


Also 


W - W " P 43 __ ^2-P £i xl02k j 

l y-i Y-i 
= = *2 


P 4 

£3 

P2 


Pi 
P± 

Pi ~ r? 


where r p stands for pressure ratio. 


and 


i> = rv 9 - v. = rvo 




r-i 




£ 2^2 

‘ Pl^l 

\Px v i 


...(3.4) 


v 2 ^3 


1 

Y-l 


^1 


= [p 4 (rT - 1 -1) - (,-T - 1 - 1)] 
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Mean effective pressure (p m ) is given by : 

n - f~ P * V 4 P2 V 2 ~ P]V 1 


\ r-i 




(l>l - Dg) 


bar 


...[3.4 (a)] 


...(3.5) 


Also 




(^1 

r 

^ Kr T ‘ 1 -!)(>},-1)] 




t.e., 


(y-lXr- 1 ) 


...(3.6) 


ratio ? EXamPle 3 - 7 ‘ ° fan ° tt0 « 60% am* T = *.5. Wfcfa fa the compression 

Solution. Efficiency of Otto cycle, r| = 60% 

Ratio of specific heats, Y = 1 5 

Compression ratio, r _ ? 

Efficiency of Otto cycle is given by 


^Otto = 1 - 

0.6 = 1 ~ 


1 

(D^ 1 

1 


or 


(r) ( 


1 i 

“^5 = 0.4 or (r) 06 = — 


0.4 


■ 2.5 


or r s 6.25 


Hence, compression ratio = 6.25. (Ans.) 

clearance vTlume 0.00263^. ThefnitialpreZur^and] ^ ° n °“° CycU ‘ ' The 

maximum pressure is limited to 25 b ar!findtZ"" ** 1 W 5 °“ C 
0) The air standard efficiency of the cycle. 

(ii) The mean effective pressure for the cycle. 

Assume the ideal conditions. 



-J 
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or 


Solution. Bore of the engine, 
Stroke of the engine. 
Clearance volume, 

Initial pressure, 

Initial temperature, 


D = 250 mm = 0.25 m 
L — 375 mm — 0.375 m 
V c = 0.00263 m 3 
P x = 1 bar 

Tj = 50 + 273 = 323 K 


P (bar) 





iuavuiiium ptcasuit:, 

Swept volume, 

Compression ratio, 

v c 

(i) Air standard efficiency : 

The air standard efficiency of Otto cycle is given by 


V, = n/4 D 2 L = n!4 x 0.25 2 x 0.375 = 0.0184 m 3 
V, + V~ C _ 0.0184 + 0,00263 
r ~ V„ 0.00263 = 8 ’ 


TW = 1 ~ (r) T_l -1 " (8) 14 - 1 _1_ (8)“ 4 
= 1 -0.435 = 0.565 or 56.5%. (Ans.) 
(ii) Mean effective pressure, p m : 

For adiabatic (or isentropic) process 1-2 

PlVi y = P2 V 2 y 


P2=Pl 



= 1 x (r) 14 six (8) 1 - 4 = 18.38 bar 


•\ Pressure ratio, 

The mean effective pressure is given by 
Pid(r Y_1 -l)(r -1)] 


P3 _ 25 
p 2 18.38 


= 1.36 


Pm 


(Y-lXr-1) 


1 xSlKS) 14 " 1 -11(1.36-1)] 
(1.4 — 1) (8 — 1) 


...[Eqn. (3.6)1 
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8(2.297-1X0.36) 


= 1.334 bar 


0.4x7 

Hence mean effective pressure = 1.334 bar. (Ans.) 

Example 3.9. The minimum pressure and temperature in an Otto cycle are 100 kPa and 
27°C. The amount of heat added to the air per cycle is 1500 kJIkg. 

(i) Determine the pressures and temperatures at all points of the air standard Otto cycle . 

(ii) Also calculate the specific work and thermal efficiency of the cycle for a compression 
ratio of 8 : 1. 

Take for air : c v = 0.72 kJIkg K, and y = 1.4. (GATE, 1998) 

Solution. Refer Fig. 3.7. Given : p 1 = 100 kPa = 10 5 N/m 2 or 1 bar ; 

T l = 27 + 273 = 300 K ; Heat added = 1500 kJ/kg ; 
r = 8 : 1 ; c v = 0.72 kJ/kg ; y - 1.4. 

Consider 1 kg of air. 



Fig. 3.7 

( i ) Pressures and temperatures at all points : 

Adiabatic Compression process 1-2 : 

I? = W = (rf ” 1 = (8) 14 “ 1 = 2.297 
.-. < T 2 = 300 x 2.297 = 689.1 K. (Ans.) 

Also P\Vi y -p 2 V 2 y 

^ = =(8) u = 18.379 

Pi K J 

p 2 = 1 x 18.379 = 18.379 bar. (Ans.) 

Constant volume process 2-3 : 

Heat added during: the process, 

c„ (f 9 - T 2 ) = 1500 
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or 

or 


0.72 (T 3 - 689.1) = 1500 


t = + 689.1 = 2772.4 K. (Ans.) 

3 0.72 


Also, 


P2 _ P3 

T 2 T s — 1 2 

Adiabatic Expansion process 3-4 : 


P2^3 

Pa ” t 2 


18.379x2772.4 

689.1 


= 73.94 bar. (Ans.) 


J-l 

-T 

l 

= (r) 1_1 

T, \ 


rn _ 

Jk- 

2772.4 


2.279 

“ 2.297 


Also, 


P3 U 3 T - Pi U 4 


P 4 = P3 X 


tel • n; 


1 = (8) u " 1 = 2.297 

= 1206.9 K. (Ans.) 

L4 


94 X I “I = 4.023 bar. (Ans.) 


(«) Specific work and thermal efficiency : 

Specfic work = Heat added - Heat rejected 

= c, (T 3 - T,) - C,(T< - Tj) = c„ l(r 3 - T 2 ) - (T i - T,)] 

= 0.72 [(2772.4 - 689.1) - (1206.9 - 300)] = 847 kJ/kg. (Ans.) 

1 


Thermal efficiency, 0 th = ~ 


(r)*“ 


= 1 - 


1 

(8) L4 “ X 


= 0.5647 or 56.47%. (Ans.) 


Example 3.10. An air standard Otto cycle has a volumetric compression ratio of 6 the 
lowest cycle pressure of 0.1 MPa and operates between temperature limits of 27 C and 1569 C 
(i) Calculate the temperature and pressure after the isentropic expansion (ratio of specific 

hmtS ^JSince it is observed that values in (i) are well above the lowest cycle operating condi¬ 
tions the expansion process was allowed to continue down to a pressure of 0.1 MPa. Which 
process is required to complete the cycle ? Name the cycle so obtained. 

(Hi) Determine by what percentage the cycle efficiency has been improved. (GATE, 1994) 


Solution. Refer Fig. 3.8. Given ; = r = 6 ; Pl = 0.1 MPa = 1 bar ; T, = 27 + 273 

= 300 K ; T 3 = 1569 + 273 = 1842 K; 1.4. 

(£) Temperature and pressure after the isentropic expansion, 4 , p 4 • 

Consider 1 kg of air : 

For the compression process 1-2 : 

m'-wV - '’■-"■‘tel' 1 *" 0 ”"' 28 '’" 
i-te)”-^-'-““ 

T 2 = 300 X 2.048 = 614.4 K 
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For the constant volume process 2-3 ; 


P 2 , Pz 

t 2 t 3 





= 12.3 x 


1842 

614.4 


= 36.9 bar 



or 


For the expansion process 3-4 : 


Fig. 3.8 


Tl 

t 4 



2.048 


^4 = 


Ts 

2048 


1842 

2.048 


= 900 K. 


(Ans.) 


^ PzW = tW => p 4 = p 3 x(^3 

l u 4 

p 4 = 36.9 xg] = 3 bar. (Ans.) 

(ii) Process required to complete the cycle • 

Process required to complete the cycle is the constant pressure scavenging. 

The cycle is called Atkinson cycle (Refer Fig. 3.9). 

(m) Percentage improvement/increase in efficiency : 

_ , l l 

hotto ( r)y -i =1- (6) L4-1 =0.5116 or 51.16%. (Ans.) 



Atkinson = — = * * eat supplied - Heat rejected 

Heat supplied Heat supplied 

- — VT r -g -i-aS^g. i-ffizS! 

^T 3 -T 2 ) c„(T 3 -T 2 ) (T 3 -T 2 ) 
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Now, 


Pz 


Y-l 


f—1 

V36.9 J 


L4-1 

1.4 


=s 657 K 


^Atkinson ^ 


1.4(657-300) 


= 0.5929 or 59.29%. 


(1842 - 614.4) 

Improvement in efficiency = 59.29 - 51.16 = 8.13%. (Ans.) 

Example 3.11. A certain quantity of air at a pressure of 1 bar and temperature of 70°C is 
compressed adiabatically until the pressure is 7 bar in Otto cycle engine. 465 kJ of heat per kg of 
air is now added at constant volume. Determine : 

( i ) Compression ratio of the engine. 

(ii) Temperature at the end of compression. 

(iii) Temperature at the end of heat addition. 

Take for air c p = 1.0 kj/kg K, c y = 0.706 kJ/kg K. 

Show each operation on p-V and T-s diagrams. 

Solution. Refer Fig 3.10. 

Initial pressure, p x - 1 bar 

Initial temperature, T x = 70 + 273 = 343 K 

Pressure after adiabatic compression, p 2 = 7 bar 

Heat addition at constant volume, Q = 465 kJ/kg of air 


Specific heat at constant pressure, 
Specific heat at constant volume, 


c p = 1.0 kj/kg K 
c v = 0.706 kJ/kg K 

C n 1.0 
Y 


% 


0.706 


= 1.41 


(i) Compression ratio of engine, r : 

According to adiabatic compression 1-2 

PiV= 
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(r) y = 


£2 

Pi 


Yl 

^2 


1 

7V.41 


I P 2 D I ( 11.41 

r= lftj = UJ = (7A 1 ®* rn 3.97 
Hence compression ratio of the engine = 3.97. (Ans.) 

(“) Temperature at the end of compression, T 2 : 

In case of adiabatic compression 1-2, 


nr- 


(3.97) 1 - 41 - « = 1.76 


" T 2 = 1-76 T, = 1.76 x 343 = 603.7 K or 330.7°C 

ence temperature at the end of compression = 330.7°C. (Ans.) 

(Hi) Temperature at the end of heat addition, T 3 : 

According to constant volume heating operation 2-3 

< Q s =c„(T 3 -T 2 ) = 465 

0.706 ( T 3 - 603.7) = 465 

or T 3 - 603.7 = 

3 0.706 

or rrj 465 

T 3 = + 603.7 = 1262.3 K or 989.3“C 

Hence temperature at the end of heat addition = 989J“C. (Ans ) 

15 timfs X Zfat Restart XT' ‘T° ***’’ ** P ™ SUre “ f the end of compression is 

maximum - 
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(0 Compression ratio. 

(ii) Thermal efficiency of the cycle. 

(iii) Work done. 

Take y for air = 1.4. 

Solution. Refer Fig. 3.11. 



rniuai temperature, i 1 = oo + zYo = oIIlv 
Maximum temperature, T s = 1950 + 273 = 2223 K. 
(£) Compression ratio, r : 

For adiabatic compression 1-2, 


...(Given) 


or 


II Ii 

h* 5* 

t» < 

to 


But 

« 2 
II 



Pi 

(r) T = 15 

or 


(r) 1 - 4 = 15 



l 

or 


r = (15) 1 - 4 


Hence compression ratio 
(ii) Thermal efficiency : 


= 6.9. (Ans.) 


Thermal efficiency, 


% =' 1 - 


Crr 1 


= 1 - 


(6.9) 1 - 



0.538 or 53.8%. (Ans.) 


Visit: www.Civildatas.com 


















































Visit: www.Civildatas.com 

104 

(Hi) Work done : 

Again, for adiabatic compression 1-2, 
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iY -1 


T i 1^2 j = ^ 1 = (6.9) 14 “ 1 = (6.9) 0 - 4 = 2.16 

T 2 ~ T i * 216 = 311 x 2.16 = 671.7 K or 398.7°C 
ror adiabatic expansion process 3-4, 

r, (v y - 1 

= (v^ J =W r '' = (6.9) 0 - 4 = 2.16 


T.= 


Heat supplied per kg of air 


Heat rejected per kg of air 


4 2.16 2.16 ~ 1029 ® or 756 °C 

* c ^ r 3 - T 2 > = 0.717(2223 - 671.7) 
= 1112.3 kJ/kg of air 




R 0.287 


Y-1 1.4- ’ 

. =0.717 kJ/kg K 


Work done 


= c v (T< _ T x ) = 0.717(1029 - 311) 

= 514.8 kJ/kg of air 
= Heat supplied - Heat rejected 
, = 1112.3-514.8 

= 597.5 kJ or 597500 N-m. (Ans.) 

^Example 3.13. An engine working on Otto cycle has a volume of 0.45 m 3 pressure 1 bar 

the pressurfifllbar. ^^^^^^^^^added’^c^nstan^volumelle'tenidne' 71 ^^ 8 ^ 0 ' 1 
(i) Pressures, temperatures and volumes at salient points in the cycle 
(ii) Percentage clearance. 

(Hi) Efficiency. 

(iv) Net work per cycle . 

(v) Mean effective pressure. 

ZZSZJZ"Zlt 

Solution. Refer Fig. 3.12 

Volume, Vj = 0.45 m 3 

Initial pressure, p x = 1 bar 

Initial temperature, T 1 = 30 + 273 = 303 K 

Pressure at the end of compression stroke, p 2 = H bar 

Heat added at constant volume = 210 kJ 

Number of working cycles/min. = 210. 

© Pressures, temperatures and volumes at salient points ; 

For adiabatic compression 1-2, 

PW* p*V 
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P (bar) 





El 

Pi 


Also 


Fig. 3.12 


= (ry 


it-l 


-fej-(T) 


= (11)° 714 = 5.5 


p- = |Y!-j = (r) T_1 = (55) 14 “ 1 = 1.977 * 1.98 

T 2 = T t x 1.98 = 303 x 1.98 = 600 K. (Ans.) 
Applying gas laws to points 1 and 2, we have 

P1V1 _ P-Zi 
Ti = T 2 


V — X ^ v V 
2_ Ti P2 XV ‘ 


600x1x0.45 


where 


303x11 

The heat supplied during the process 2-3 is given by : 

Q 8 = «(r 3 - t 2 ) 

pjV I 1 x 10 6 x 0.45 

m= ^- 


= 0.081 m 3 . (Ans.) 


= 0.517 kg 


287x303 
210 = 0.517 x 0.71 (T 3 - 600) 

210 

T 3 = 0.517 x 0.71 + 600 ~ 1172 K - (Ans.) 

For the constant volume process 2-3, 

El _ El 

r 3 = t 2 

p 3 = ~ X P 2 = iiZ 2 X 11 = 21.48 bar. (Ans.) 
*2 600 
V. = V. « 0.081 nr* (Ans.) 



9 
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For the adiabatic (or isentropic) process 3-4 , 




= 21.48 x 
\Y-1 


fej-e- 


,97 bar. (Ans.) 

7-1 / , X L4-1 


Also 


i-er-r -m — 

T 4 - 0.505 T 3 = 0.505 x 1172 = 691.8 K. (Ans.) 


(ii) Percentage clearance : 

Percentage clearance 


V 4 = V l = 0.45 m 3 . (Ans.) 


V,-V a 


x 100 = 


0.081 


0.45 - 0.081 


x 100 


= 21.95%. (Ans.) 

(iii) Efficiency : 

The heat rejected per cycle is given by 

Q r = mC J- T \ ~ 

= 0.517 x 0.71 (591.8 - 303) = 106 kJ 
The air-standard efficiency of the cycle is given by 


^lotto 


Q -Q 210-106 

= = ——— = 0.495 or 49.5%. (Ans.) 


Q, 


210 


Alternatively : 




-=-r =1-h-T = 0.495 or 49.5%. (Ans.) 

(r) T_1 (5.5) 14 - 1 


(iv) Mean effective pressure, p m : 

The mean effective pressure is given by 

W (work done) _ - Q r 




V,(swept volume) (Vj - V 2 ) 


(210 -106) x 10 3 


= 2.818 bar. (Ans.) 


V ~ (0.45-0.081) xlO 5 

(y) Power developed, P : 

Power developed, P = Work done per second 

= Work done per cycle x Number of cycles per second 
= (210 - 106) x (210/60) = 364 kW. (Ans.) 

Example 3.14. (a) Show that the compression ratio for the maximum work to be done 
per kg of air in an Otto cycle between upper and lower limits of absolute temperatures T 3 and T 2 
is given by 

\U2 Ct-V 


-m 
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( b ) Determine the air-standard efficiency of the cycle when the cycle develops maximum I \ 

work with the temperature limits of 310 K and 1220 K and working fluid is air. 'What will be the \ j 

percentage change in efficiency if helium is used as working fluid instead of air ? The cycle 
operates between the same temperature limits for maximum work development . ' | 

Consider that all conditions are ideal. 

Solution. Refer Fig. 3.13. 



Fig. 3.13 

(a) The work done per kg of fluid in the cycle is given by 

W=Q S -Q r =c„ (T 3 -T 2 )-c„ (T 4 -T.) 


But 


Similarly, 


Mr— 

2 = Tj. (r)*- 1 


?! 

T. 

t 3 = r 4 . (r) 1 " 1 


W = c 




(rr 


r + T. 


...«) 

...(H) 

...(iii) 


when 


This expression is a function of r when T 3 and T x are fixed. The value of W will be maximum 


dW 

dr 

dW 

dr 


= 0. 


= - Tj . (T- 1) (r) T ~ 2 - T 3 (1 - y) (r)~ 


T 3 ( r)-1 = 7, (r f ~ 2 

2 k _ ( r ) 2 <T-» 


(I 


,V2(y-l) 


Prt >ved. 
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(6) Change in efficiency : 
For air y = 1.4 


INTERNAL COMBUSTION ENGINES 


(U 


1/2(L4-1) , -.1708 

_ fl220y°- 8 


l 310 ) 


= 5.54 


The air-standard efficiency is given by 


^lotto “ 1 ' 


(r?- 1 “ 1 (5.54) 14 - 1 “ 

If helium is used, then the values of 

c p = 5.22 kJ/kgK and c v = 3.13 kj/kg K 
c p 5.22 

Y " Cy "3.13 =1 ‘ 67 

The compression ratio for maximum work for the temperature limits 7 1 , and T 3 is given by 


0.495 or 49.5%. (Ans.) 


■=(if) 


t V2(y-l) 


_ f 1220 V 

UioJ 


1/2(1.67 -1) 


The air-standard efficiency is given by 

^otto = 1 “ 7„\y-l 


= 1 -- 


= 2.77 


= 0.495 or 49.5%. 


(r) y ~ 1 (2.77) L67 ~ 1 

Hence change in efficiency is nil. (Ans.) 

Example 3.15. (a) An engine working on Otto cycle, in which the salient points are 1 2 3 
and 4, has upper and lower temperature limits T 3 and T, If the maximum work per kg of air is to 
be done, show that the intermediate temperature is given by 

= jfjr 3 . 

(6) If an engine works on Otto cycle between temperature limits 1450 K and 310 K find the 
maximum power developed by the engine assuming the circulation of air per minute as 0.38 kg. 

Solution, (a) Refer Fig. 3.13-(Example 3.14). 

Using the equation ( iii ) of example 3.14. 






and differentiating W w.r.t. r and equating to zero 

^1/2 (y-l) 


(If 


T 2 = T^r)'- 1 and T 4 = 

Substituting the value of r in the above equation 

V m \V2(y- l)"l7 . . 


, 1/2 


Similarly, 


1/2 (y-l) 


y-i ’ 


=^T 


1/2 
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air standard cycles 


r 2 = * Proved. 


(6) Power developed, P : 


Work done 


7V = 310K 

T 3 = 1450K| ....(Given) 

m =0.38 kg 
W = cJ(T 3 -T 2 )-(T 4 -T 1 )} 

T 2 = T 4 = 77^ = ^310x1450 = 670.4 K 


W = 0.71 [(1450 - 670.4) (670.4 - 310)] 

= 0.71 (779.6 - 360.4) = 297.6 kJ/kg 
Work done per second = 297.6 x (0.38/60) = 1.88 kJ/s 

Hence power developed, P = 1.88 kW. (Ans.) 

Example 3.16. For the same compression ratio, show that the efficiency of Otto cycle is 
greater than that of Diesel cycle. 

Solution. Refer Fig. 3.14. 



We know that 


and 


1 

^otto = 1 ~( r )Y-l 

i 1 ‘ 1 fp Y -l 
W * (r) T_1 X r |p-l 
As the compression ratio is same, 

H VV 
v 2 - V 2 ' =r 

V 4 V 3 ' r 

If 777 “ r., then cut off ratio, p = 777 = — 

V3 1 V 2 rj 
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Putting the value of p in T| diesel , we get 

diesel ~ ^ " 


1 1 

-r x — 

(r)*~ l y 


-i 


--1 


From above equation, we observe 
r 

- > 1 
r l 

Let r t - r - 5, where 5 is & small quantity. 


Then 


and 


L _ r ( 8V l 8 S 2 S 3 

r > = = l r) =1 + r V r 3 

frY ^ (. »T T , j6 . Y(Y-H) 5^ 

UJ _ r T^i_®j T ' r ' = + r 21 V 


8 2 

.2 + • 


^IdieBel ^ " 


= 1- 


(r) T “ 


1 

- x — 


y.$ y(y + l) 8 2 , 
r + 2! r 2 


8 8 
7 + ^ + ' 


(r) T_ 


6 y +1 S 2 

; + Vv + * 


8 8 

- + T + • 
r r 2 


The ratio inside the bracket is greater than 1 since the co-efficients of terms SVr 2 is greater 
than 1 in the numerator. It means that something more is subtracted in case of diesel cycle than 
in Otto cycle. 

Hence, for same compression ratio 7i otto > . 

3.5. CONSTANT PRESSURE OR DIESEL CYCLE 

This cycle was introduced by Dr. R. Diesel in 1897. It differs fitom Otto cycle, in, that heat 
is supplied at constant pressure instead of at constant volume. Fig. 3.15 (a and 6) shows the p-V 
and T-s diagrams of this cycle respectively. 

This cycle comprises of the following operations : 

(i) 1-2. Adiabatic compression. 

(ii) 2-3. Addition of heat at constant pressure. 

(Hi) 3-4. Adiabatic expansion. 

( iv ) 4-1 JRejection of heat at constant volume. 

Point 1 represents that the cylinder is full of air. Let p v V x and T x be the corresponding 
pressure, volume and absolute temperature. The piston then compresses the air adiabatically ( i.e. 
pV y = constant) till the values become p 2 , V 2 and T 2 respectively (at the end of the stroke) at point 
2. Heat is then added from a hot body at a constant pressure. During this addition of heat let 
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volume increases from V 2 to V 3 and temperature T 2 to T 3 , corresponding to point 3. This point (3) 
is called the point of cut off. The air then expands adiabatically to the conditions p 4 , V 4 and T 4 
respectively corresponding to point 4. Finally, the air rejects the heat to the cold body at constant 
volume till the point 1 where it returns to its original state. 

Consider 1 kg of air. 

Heat supplied at constant pressure =; c p (T 3 - T 2 ) 

Heat rejected at constant volume = c w (T 4 — 

Work done = Heat supplied - Heat rejected 

-e/r.-jy-epv-ay 

Work done 

^diesel Heat supplied 

c p (T s -T 2 ) 

~y(T 3 -T 2 ) 

1>1 

Let compression ratio, r = — and cut off ratio, 

”2 

= (r)T- 1 or T 2 = 7\ . (r) T ” 1 
or r 3 = p . T 2 = p . T, . (r) T_1 


Now, during adiabatic compression 1-2 , 



During constant pressure process 2-3, 



During adiabatic expansion 3-4, 



Wi 


Os 

n 


...GO 

Volume at cut - off 
Clearance volume 
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9)\ 

t _ __?i _ P .?i(r) T_1 „ 

* A ~ T - ~ -- —-ll 


U ~ 7 .y-l 
f r U 


J-l 


l y 3 y 3 u 2 y 3 P 

_ pT jb*-| • 

/ / 


By inserting values of Z^T^and T 4 iri equation (i), we get 

, ^diesel*" ^ “7 


. elf x - -j_ y - Tl ) j _Z(p t -i) | 

■•^-UTp^r i 


^diesel ^ “* 


iy(r) Y ~ 


.;.(3.7) 


fj* ma f be ° bser T ed that equation (3,7) for.efficiency of diesel cycle is different from that of 
yc e .° nIy m bracketed factor. This factor is always greater than unity, because p > 1 
iience for a given compression ratio, the Otto cycfe is more efficient. 

The net work for- di^ej, £^gle jbp ^xpj'esse^ c i^a ! $£py $$ fqllo^ ,« 

■ ? V' : : UrH oiis MbL si 

: / ^ *» ^fhmwtswcr. vhvr.to'vrje- : 

. Innfcho ?Si 02 tcnujvi U ois/lv; i Jnroo >r‘ Mi* 

. 

v iT = P * ^3 -P °2 and —= r V. k = rv 2 

v 2 v 2 

But = L>j = rv 2 

*P 2 V 2 ( p-l)+ £3P52-/>4^2_ P2^2-Pl ^ 2 

Y-l y-1 

_ MP 2 (p - 1) (y - 1) + Pap - p 4 r - (P 2 - Pir)] 

X - * 1 


”2 


ft (P - DCy-a) + ft(p-^ 1 )-ft[i-~) 


y-l 

P 2 ^ 2 Kp i^Ky -1)+p - P T . r 1 - y - q - r 1 - t> 
Y-l 


P3 V U 4 

= Pi^ r z 1 Kp - IXY -1) * P - pV 1 - r - (1 - r 1 -*)] ; . 

Y-l 




£l = fi?tl Y = f£r = D v-r 


V ^2 = 

fil) T 

Pi : 

l v 2j 


= Pjvl ~ 1 [y(p -1) - r 1 ~ t (pt ^ !)] 

(y-i) ■' 


...(3.8) 
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Mean effective pressure p m is given by : ci -.C 

' Pi^'My^p-D-r 1 T ( P T -i)i 

;<ra,(V) 

P£^ [y(p - 1 ) -r 1 (p* -1)1 


Pm 


^• r ;(Y-lXr-l) 


...(3.9) 


Example 3.1%..^ diesel engine hqs,# compression ratio of15 and heat additiori)at constant 
ff °f sfKoke.. Find tb$ a\r standard^ gffiqiency of the engine, 

siU SohttioBi. Refer Fig. 3.16: - V; - J .-, v : . v ,' .. ... . . .. 



Compression ratio, r |^= j = 15 
y for air = 1.4 

Air standard efficiency of diesel cycle is given hy 


^diesel 1 


Y (r) y ~ l 


P Y -1 


p-1 


where p = cut-off ratio = ~ 
But 


/ g 

n-V 2 = v s (V s = stroke volume; 


...U) 
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= 0.06 (V x - V 2 ) = 0.06 (15 V 2 - V 2 ) 


V 3 L84 Vo 

p =i=-vr = L84 


Putting the value in eqn. (£), we get 

1 


^ciiese/ ^ 


i.4 (i5r 


(1.84) L4 -1 


1.84-1 


= 1 - 0.2417 x 1.605 = 0.612 or 61.2%. (Ans.) 

Example 3.18. The stroke and cylinder diameter of a compression ignition engine are 250 
mm and 150 mm respectively. If the clearance volume is 0.0004 m 3 and fuel injection takes place 
at constant pressure for 5 per cent of the stroke determine the efficiency of the engine. Assume the 
engine working on the diesel cycle. 


Solution. Refer Fig. 3.16. 
Length of stroke, 

Diameter of cylinder, 
Clearance volume, 

Swept volume, 

Total cylinder volume 


Volume at point of cut-off, V 3 = V 2 + 


L = 250 mm = 0.25 m 
D = 150 mm = 0.15 m 
V 2 — 0.0004 m 3 

V s = rc/4 &L = ti/ 4 x 0.15 2 x 0.25 = 0.004418 m 3 
= Swept volume + Clearance volume 
= 0.004418 + 0.0004 = 0.004818 m 3 
5 „ 


100 


= 0.0004 + — x 0.004418 = 0.000621 m 3 
100 


Cut-off ratio, 


Compression ratio, 


V 3 

p = —^ = 

p v 2 


0.000621 


1.55 


0.0004 

Vi _ V S +V 2 _ 0.004418 + 0.0004 


0.0004 


= 12.04 


Hence, 




1 

[p T -l] 

-! 1 

(1.55) 1 ' 4 -1 

Y(r)*- 1 

P-1 

1.4 x (12.04 J 14 " 1 

1.55-1 


= 1 - 0.264 x 1.54 = 0.593 or 59.3%. (Ans.) 

Example 3.19. Calculate the percentage loss in the ideal efficiency of a diesel engine with 
compression ratio 14 if the fuel cut-off is delayed from 5% to 8%. 

Solution. Let the clearance volume (V 2 ) be unity. 

Then, compression ratio, r - 14 

Now, when the fuel is cut-off at 5%, we have 

P-1 


P-1 

r-1 


5 

100 


14-1 


0.05 or p - 1 = 13 x 0.05 = 0.65 


p = 1.65 


Visit: www.Civildatas.com 


AIR STANDARD CYCLES 


115 


^diesel 1 


1 

[ pT -i] 

! 1 

(1.65) 14 - ll 

7 (r) Y ~ l 

-P" 1 . 

1.4 x (14) 14 " 1 

1.65-1 J 


= 1 - 0.248 x 1.563 = 0.612 or 61.2% 




p-1 _ 8 p-1 _ 8 

r-1 ~ 100 ° r 14-1“ 100 
p = 1 + 1.04 = 2.04 


0.08 


^diesel “ ^ 


1 

IV-il 

Y « T -‘ 

.p-1. 


= 1 - 


1 

1.4 x (14)'* 4 ” ^ 


(2.04) 14 -1 
2.04-1 


j; 


= 1 - 0.248 x 1.647 = 0.591 or 59.1%. (Ans.) 

Hence percentage loss in efficiency due to delay in fuel cut-off 

= 61.2 - 59.1 = 2.1%. (Ans.) 

Example 3.20. The mean effective pressure of a Diesel cycle is 7.5 bar and compression 
ratio is 12.5 . Find the percentage cut-off of the cycle if its initial pressure is 1 bar. 

Solution. Mean effective pressure, p m = 7.5 bar 
Compression ratio, r = 12.5 

Initial pressure, p x = 1 bar 

Refer Fig. 3.15. 

The mean effective pressure is given by 


p/ 1 [yCp-U-r 1 7 (p r -l)] 

(Y-l)(r-l) 


...[Eqn. (3.9)] 


or 


1 x(12.5) 14 [1.4(p-1)-(12.5i 1 - 14 (p 14 -1)] 
(1.4-1X12.5-1) 

34.33(1.4 p -14 - 0.364p 14 + 0.364] 

75 = - U - 

7.5 = 7.46 (1.4 p - 1.036 - 0.364 p 1 - 4 ) 

1.005 = 1.4 p - 1.036 - 0.364 p 14 
2.04 = 1.4 p - 0.364 p 1 - 4 or 0.346 p 1 * 4 - 1.4 p + 2.04 = 0 
Solving by trial and error method, we get 


% cut-off - 


p = 2.24 

p-1 


x 100 = 


2.24-1 

c - - x 100 = 10.78%. 
12.5 — 1 


(Ans.) 


^“Example 3.21. An engine with 200 mm cylinder diameter and 300 mm stroke works on 
theoretical Diesel cycle. The initial pressure and temperature of air used are 1 bar and 27°C. The 
cut-off is 8% of the stroke. Determine : * 

(0 Pressures and temperatures at all salient points. 

(it) theoretical air standard efficiency . 

(iii) Mean effective pressure. 

(iv) Power of the engine if the working cycles per minute are 380. 

Assume that compression ratio is 15 and working fluid is air. 

Consider all conditions to be ideal. 
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Cylinder diameter, 
Stroke length, 
Initial pressure, 
Initial temperature, 


D = 200 mm or 0.2 m 
L = 300 mm or 0.3 in 
Pj = 1.0 bar 
T x = 27 + 273 = 300 K 

Cut -° ff “ I5o ^ ' 0 08 v . 

(i) Pressures and temperatures stt salient points : 

Now, stroke volume, V, = n/4 D*L = m x 0.2 2 x 0.3 = 0.00942 m 2 

V 1 = V t + V c = V l+ 

= V *( 1 + rTl) = 'riI xV . 

l ’ e ’’ V i ~ = x 000942 = 0.0101 m 3 . (Ans.) 

Mass of the air in the cylinder can be calculated by using the gas equation, 

PjV’i = mRT t 


m = 


PiVj _ lxlO 5 x0.0101 


R% 


'1 _ ■‘/'IV A y.uiui _ . 

"i 287x300 =0.01,17 kg/cycle 
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For the adiabatic (or isentropic) process 1-2, 


^, f £ 3 i 71J S J* 3 • s - 

• . *0. =(r)T 

" 5 ■ ' * ■ V Jfl 1 Yo 1 


Also, 


p»= . (rjt = i x (15) 14 = 44.31 bar. (Ans.) 

n - t 'si si ^ 331) a - xi 

= (r) 1r ' l =(15) U-1 =2.954 




(,.arxA> fcfife.f - 


m. 




V * = Vr-l 15 

Sli^OO.Gx "Olxt&.Y 


x 2.054 = 880*2 K. (Ans.) 
V. 0.00942 


— = m^. (Ans!) 


eo.o c. p 2 =r p^ 44 31 W.V (Ans.) 

% c^off^atio ■- 

?•/>■ \g.iL 'ryrsTt 1 p»\fy,r pa 

_8_ p^"- ; 

Kr * ; ‘ • loo “15^1 • -. . i - 

‘ i: ' <vvyr v s --^^Tr;08*ii-+“ 

V 3 = p % = ±l2x b.6006728f = &MX42b m 8 . (Ans.) 


mMtm/.vut* V* •:.r ! c>-. 

(a« 


if?.vr,a *wa* : »A* •• ... . ,, 

V 3 can also be calculate^ fft Iqlkfs^s. 

Vg = e.0&y, *V C = 0.08 X 0.00942 + 0:0006728 = 0.001426 m 3 
For the coristHht p?e^sur { e ptilce&2 -$,• -' Tr ' f ’ N ' ‘ • 
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0.001426 

0.0006728 


1878.3 K. (Ans.) 


For the isentropic process 3-4 
P3V=P4V 


P4 = P3 * 


= P3 X - 


v -„ (7.07) 14 

44 31 

= 3 -= 2.866 bar. (Ans.) 


Zi = _ix —= “X~ 

v 3 v 2 v 3 v 2 v 3 


15 

’ 2.12 ‘ 


= 7.07 


Also, 


(7.07) L 

^3 [Vi) 17.07 J 

T 4 = T 3 X 0.457 = 1878.3 x 0.457 = 858.38 K. (Ans.) 


= 0.457 


V 4 = Vj = 0.0101 m 3 . (Ans.) 
{ii) Theoretical air standard efficiency : 


^\diesel ~ I 


1 

IV-1] 

-! 1 

(2.12) 14 - l' 

y(r)?" 1 

P-1 

" 1.4 (15) 14 - 1 

2.12-1 


: 1 - 0.2418 x 1.663 = 0.598 or 59.8%. (Ans.) 
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{Hi) Mean effective pressure, p m j 
Mean effective pressure of Diesel cycle is given by 


- T (p T -l) 

1 (Y-lXr-1) 

= 1 * (15) 14 [1.4 (2.12 - 1) - (15) 1 ~ L4 (2.12 14 - 1)1 

(1.4 - 1X15 - 1) 

_ 44.31(1.568-0.338x1.8633 

0.4x14 


7.424 bar. (Ans.) 


( iv ) Power of the engine, P : 


\ 


Work done per cycle 
Work done per second 


an V = 

“m s 


7.424 x 10 3 x 0.00942 
10 3 


= 6.99 kJ/cycle 


= Work done per cycle x No. of cycles per second 
= 6.99 x 380/60 = 44.27 kj/s = 44.27 kW 


Hence power of the engine = 44.27 kW. (Ans.) 

Example 3.22. The volume ratios of compression and expansion for a diesel engine as 
measured from an indicator diagram are 15.3 and 7.5 respectively. The pressure and tempera¬ 
ture at the beginning of the compression are 1 bar and 27°C. 

Assuming an ideal engine, determine the mean effiective pressure, the ratio of maximum 
pressure to mean effective pressure and cycle efficiency. 

Also find the fuel comsumption per kWh if the indicated thermal efficiency is 0.5 of ideal 
efficiency, mechanical efficiency is 0.8 and the calorific value of oil 42000 kJfkg. 

Assume for air : c p = 1.005 kJIkg K; c v = 0.718 kJfkg K, y= 1.4. (U.P.S.C. 1996) 


Solution. Refer Fig. 3.18. Given : ^ = 15.3 ; — L = 7.5 

Vg 

Pi = 1 bar ; T 1 = 27 + 273 = 300 K ; Dthd) = 0.5 x iW staiulftrd ; Tl mech . = 0.8 ; C = 42000 kJ/kg. 
The cycle is shown in the Fig. 3.18, the subscripts denote the respective points in the cycle. 
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Pm = 


Work done by the cycle 
Swept volume 

Work done = Heat added - Heat rejected 

Heat added - mc p {T 3 - T 2 ), and 

Heat rejected = mc y (T 4 - 7\) 

Now assume air as a perfect gas and mass of oil in the air-fuel mixture is negligible and is 
not taken into account. 

Process 1-2 is an adiabatic compression process thus 

yr-l /„ N U-1 


(since y = 1.4) 


Also, 


Hir - --*■&)' 

r 2 = 300 x (15.3) 0 4 = 893.3 K 

p^y i = p 2 v 2 y => p 2 * Pi * ^ j * 1 * ( 15 * 3 ) 14 ■ 46 * 56 bar 


Process 2-3 is a constant pressure process, hence 

v 2 _v 3 y v * t 2 


: 2.04 x 893.3 = 1822.3 K 


Assume that the volume at point 2 (V 2 ) is 1 m 3 . Thus the mass of air involved in the precess, 


p 2 V 2 45.56 x 10 5 x 1 

m -1-*-*- =-= 17.77 kg 

RT 2 287x893 3 


V 3 V 3 ~V 2 V 3 

Vo Vi V 3 15.3 

or — x — =-= 2.04 

V 2 V 2 V 4 7.5 


Process 3-4 is an adiabatic expansion process, thus 

nr-fer— 


.*. Work done = mc p {T 3 - T 2 ) - mc v (T 4 - Tf) 

= 17.77 [1.005 (1822.3 - 893.3) - 0.718 (813.8 - 300)3 = 10035 kJ 
Work done 10035 10035 10035 

Swept volume (V x -V 2 ) (15.3V 2 -V 2 ) 14.3 

= 701.7 kN/m 2 = 7.017 bar. (Ans.) 

(v V 2 = 1 m 3 assumed) 

Ratio of maximum pressure to mean effective pressure 

p 2 4556 


Pm 7.017 


= 6.49. (Ans.) 


Cycle efficiency, Ti cycIe : 

0 cycle = 


Work done 
Heat supplied 


' TT' 


i r 
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10035 


10035 


mc p (T 3 - T 2 ) sijm jft897,3) 
Fuel consumption p«r kWh pQBf'ov jqewg “ 

^thd) = 0.5 n cycle = 0.5 

^th®) = 0.3&24 = 

ai bna^ifo*, eienu^im 

36ti * 42000 


INTERNAL CDK«rCfSI®DN.(HNGINES 

q ♦sm/egoiq nyttoafta 

= 0.60,48 or 60.48%. (Ans.) 


snivb 

babbje isoH 
babajoi jfiaH 

rty'X 4ZUIXT 5 WOK 

.Jnnoxm oJai jo-. 


3600 


l-H 


(£.X = 'f 900X8) 


f- £ ~ 

Uv. 


sasl) ■„ i? - 

,0.242 = 


JtomstqmQo ono&oibn m ai £-1 zz^oH 


r* m f x420bo r ‘ 

11 = J.T 


3600 


XL Lii 

Uvj xf 


;l ^a^JM5roOOE 0 -35^ kg/kWh. (Ans.) 


3.^©BaV|^ GtMBHS'PiON 

This cycle (also called 
and Diesel cycles, in a way, i 
Pressure ; jhe advantage,of w 
engine cylfhMWfo^M%& 


dvciE , 


: 


rrlf 


SSaSf» coipljjnation of Otto 

“f 7«*»* d‘na pdrtifinstant 

pJaiJaMe to fuel (which is injected into the 
ZdfH BeCaUSe of fing charac- 



(fW) 3-4—Addition of heat at constant pressure 
(iv) 4-5— -Adiabatic expansion . 
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Consider 1 kg of air. 
Total heat supplied 


isg noiJsups* ni 2 r V It* suicv sd;j gnt+iul 

= Heat supplied during/'the operation 2-3 


I - v 


= C p(T 3 ” T 2> + C p( r 4 " 


supplied during the operation 3-4 


Heat rejected during operation 5-1 = c v (T ^ T % ) gY 
Work done = Heat supplied 4j Heater ejected 

f5 « s/ «Ci> no:h«jc^(7^vrc-5'T 


H? 

. it ^ 

Xfr^jdone j 


a^ijppl&cl 

j t 

M- 

S ^(L/ 

jc-.. <pcr 5 i 

fOS x F*)+ 


u-Vt ! - -1- ~ Tl> - 

;:. -:;;c ^ r*»H yW A Zxjj) 

Compression ratio, r = — 

_ v „ s ^ Vq 

During adiab'diie eompree&m prk&ele ~ ( jy^ ^ \/.f 

During constant volume heating process, 

■ i&'_ RZ ‘ - “ l. '.:" 

■ t 2 


...«) 


(- 


Z\ tj'J'YC 


...(H) 


t 3 

^3 Pz 

T 2 v 2 


- P> where p is known as pressure or explosion ratio. 

...(iit) 


rp _ ^3 

2 " P 


During adiabatic expansion process 4 

\Y -1 


a = M 

r 5 UJ 


NY-1 


...(to) 


( .. y 5 t^i i^o Ui Uo r , , 

• . “ ~ x — - ~ X — = —, p being the cut- off ratio 

*V V4 »2 V* V 2 V 4 p 

During constant pressure heating process 3-4, 

J^ = £i. C *; r ”T ; ..•-• 

•r. ■ . V ,: T 3 r 7J| ,r 

p 4 


T. = r, — = o To 
U 3 

Putting the value of T 4 in the equation (iv), we get 
n o 


Xv) 


NY-1 


or T 6 = p . T 3 . ~ 


P' 


Visit: www.Civildatas.com 






































Visit: www.Civildatas.com 


122 


INTERNAL COMBUSTION ENGINES 


Putting the value of in equation (/*), we get 

Zk 

A=W-> 

r..a.- 1 


P (rf 1 

Now inserting the values of T v T v T 4 and T s in equation (i), we get 

NT-i 


^lduaJ — 1 — 


P-^3 




T’a-^j + yCpT’a-ra) 
J-P r -l) 


i.e., 


*ldual — t 


i-pl+yCp-D 


Work done is given by, 


W 


Cr) T - 1 ’ [<P-D + Py(p-D] 

y-l y-l 

— J3gOg(p — 1) + - Ps™ 3 ) ~ (P2^3 - Pl™ 3 ) 

y-i 

W*(p-lXy - 1) + p 4 v 3 (p-j*rj-j 

Y^l 


...(3.10) 


Also 


also, 


A.fStY.feY and 
Pi w Pi 


and & 

P\ 

Pa = Pv V 2 = ” 3 > = »i 

nr - ^[ft(p-l)CT-Dt-A.(p-p 1f r 1 ~ 1 ')-p 2 (l- r 1 ~ 1f )] 

(Y-l) 

= P 2 » 2 gKp-l)(Y-l)-t-P(p-p 1 'r 1 ~ T )-(l-r 1 ~ 1f )] 

(y-D 

_ Pi(r) T OiA-[pY(p -1) + (p -1) -r 1 ~ r ,(Pp Y -1)1 

y-l 

< m iw T -1 [Py(p -1) + (P -1) - r T ~ Vpp 7 -1)] 

Y-l 

Mean effective pressure (p m ) is given by, 

= YL _ W Plt'i['- 1 ~ Y pY(p-D + (p-l)-r 1 ~ 1f (Pp' lf -l)] 
m v l -v 2 ' 


...(3.11) 


/ 


u l(^) (Y-»«i 


(t 1 ) 


_ Pi(r) r [P(p-l) + (p~l)-rl‘T(p p Tr -l)] 
‘ ~~ (y —l)(r -1) 


...(3.12) 
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Example 3.23. The swept volume of a diesel engine working on dual cycle is 0.0053 m 3 and 
clearance volume is 0.00035 m 3 . The maximum pressure is 65 bar. Fuel injection ends at 5 per 
cent of the stroke. The temperature and pressure at the start of the compression are 80°C and 0.9 
bar. Determine the air standard efficiency of the cycle. Take y for air = 1.4. 

Solution. Refer Fig. 3.20. 



Swept volume, 
Clearance volume, 
Maximum pressure, 
Initial temperature, 
Initial pressure, 


V s « 0.0053 m 3 

V c = Vg = V 2 = 0.00035 m 3 

p 3 ~ p A - 65 bar 

T t = 80 + 273 = 353 K 

p 1 = 0.9 bar 

^Idual * ^ 


The efficiency of a dual combustion cycle is given by 


•^ldual 


Compression ratio, 


: 1- 

. Vi. 


1 

p.p T -l 


(r)*- 1 

(P -1)+PyCp -1). 


V, + V r 0.0053 + 0.00035 

V c 

0.00035 



...(0 

= 16.14 

[v V 2 = V e = Clearance volume] 


Cut-off ratio. 


=V 3 =VJ 


0.05 x 0.0053 + 0.00035 _ ^ g yg 
0.00035 
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\<&mpres$Mfaopeimtiam h&\h jr VtU l o;i ,, T „o * f 
^V^ T Y0g *w*«i JMMUxiuit snT .Sr ftMKfflA ?r=wfl«V^ c -*a^-. 

■ J - 5 08 ' ,,a * ,w ^« w ? *»»«• ^»»flsteani „ rt T -.5.:;’;^?;:: 

or " = m =f-fi-f - de 14)^> 4 g?i| ni ^ *"«*“«*» v» Wb « Ar.<t 

Pl ' 2 ' ’ -OS.S -§ri -raloff noi^jfoK 



Ideal efficiency is given by 


(ry~ 


W-iy ’ 


= 1- 


} -1) + py(p -1) 


Hi. 1.4x,(oa) 14 l j 


(14) l 


(i.4 -1) +1.4-Xii.4(l r 78 -1) 


= 1 - 0, 348 


~ 3138-1 1 " - 

0 4 + 1528 ^ ^ €14 or 61.4%. 


<An&l 


^ — 5 . - « «* 

the air at the beginning of the cycle are 1 bar and30°C. HeatJjlT™ tem P<™ture of 
process upto 4 per cent,of the. st¥o'%e'Asahhiiini th ' ■ r.j \. ac ^ e< ^ during constant pressure 
mm and 300 mm respectively, determineY ** ^ Whhder diameter and stroke Length as 250 

•!:;;t;«<ih$he:air standard efficiency of the cycle. 

(ii) The poW er developed if the number of working cycles are 3 per second 
Tahi for air c„ = 0.71 kJ/kgiKand: c p . l.O kJfhgK. , 

Solution. Refer Fig. 3.21. .' : - j 

Cylinder diameter, D = 250 mm = 0.25 m 
Compression ratio; / -;r = 9 ' 

Stroke length, ' L = 300 mm = 0.3 m 
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Initial pressure, j\ x £06 -- 80£.£ x f T = & T 

Initial temperature, = 30 + 273 = 303 K ?.g , yvr*i\ ^muloi; tmrtwuvs ?>dl kvT 



V 1 = V s + y c = 0.0147 + 0.0018 = 0.0166 m 3 
For the adiabatic (or isentropic) process 1-2, 

/W=p 2 v " ; ' 

\7 (.) 


Also, 


j p 2 »PivX..J —V .=’i x,(r) T =lx (9)*- 4 = 21.67 bar 


= -fatf* 4 -*** 1 = (9) 0 - 4 = 2.408 






i 
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T 2 = T t x 2.408 = 303 x 2.408 = 729.6 K 
For the constant volume process 2-3, 

Tk = h. 

Ps Pi 


r 3 = r 2 . 729.6 x 21 67 


60 


: 2020 K 


Also, 


p-1 = 4 
r-1 100 

P-1 

9-1 


or 0.04 
= 0.04 cm* p = 1.32 


For the constant pressure process 3-4, 


. T± V 4 
or — s - — —— = o 
T< T 3 T 3 V, P 




T 4 = T, X p = 2020 X 1.32 = 2666.4 K 




.. . V 5 V 5 V. 

Also expansion ratio, rr = Tr x 7 f „ .. 

V 4 V 2 V 4 V 2 V 4 p 

For adiabatic process 4-5, 


tv V 5 =y 1 andV 2 =y 3 ] 


HTi* 


,r-t / r i 


r t = r 4 x [£ 


(£]’"-2666.4, (>f 


= 1237 K 


Also 


P4 V 4 T “PS V » T 

P 8 =P *-fej = 60 X (p) =60X (¥) =4J 


08 bar 


Heat supplied, Q s = c p (r 3 - T 2 ) + c p (T 4 - r 3 ) 

= 0.71 (2020 - 729.6) + 1.0 (2666.4 - 2020) = 1562.58 kJ/kg 
Heat rejected, Q r = c 0 (T & - 7\) 

= 0.71 (1237 - 303) = 663.14 kJ/kg 

Q.-Qr 1562.85-66314 _ /A v 

./ "Hair-standard ~ n — "TTTTT = 0.5756 QT 57.56%. (AllS.) 

\ 1562.58 

(«) Power developed by the engine, P : 

Mass of air in the cycle is given by 

m =^ = lxlO°x0.0165 = oo 

RT i 287x303 6 

.’. Work done per cycle = m(Q t - Qf) 

= 0.0189 (1562.58 - 663.14) = 16.999 kJ 
Power developed - Work done per cycle x No. of cycles per second 

= 16.999 x 3 = 50.99 say 51 kW. (Ans.) 
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^Example 3.26. In an engine working on Dual cycle , the temperature and pressure at the 
beginning of the cycle are 90°C and 1 bar respectively. The compression 

pressure is limited to 68 bar and total heat supplied per kg of air is 1750 kJ. Determm . 
(i) Pressure and temperatures at all salient points 
(a) Air standard efficiency 
(itt) Mean effective pressure . 

Solution. Refer Fig. 3.22. 



Maximum pressure, P 3 = P 4 = 68 bar 
Total heat supplied = 1750 kJ/kg 

(t) Pressures and temperatures at salient points : 

For the isentropic process 1-2, 

pW-pW 

p 2 = Pi x =1 x (r) T = 1 X (9) 14 = 21.67 bar. (Ans.) 

Also, 

T 2 - t x x 2.408 = 363 x 2.408 = 874.1 K. (Ans.) 
p 3 = p 4 = 68 bar. (Ans.) 

For the constant volume process 2-3, 
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t 2 ~T, 


or 


T„ = T X & _ on A 1 68 

3 l 2 * „ - 874.1 X-- 2742 ft K \ 

tt , JJ _ po 91 fi 7 1 L (Ans.) 

Heat added at constant volume 

••• Heat added at constant ~ ^ = 071 M ~ 8741) = 13268 

: Sttt ded r Heat added at constant voiume 

,rr * ~ 1750 ~ 1326 8 = 423 -2 kJ/kg 
c P iT < ~ T 3> = 423.2 
10(T 4 - 2742.9) = 423.2 

^4 ~ 3166 K. (Ans.) 

■p or constant pressure process 3-4, 

0 = = _ 3163 

Vj r 3 2742 9 ~ ^ 

For adiabatic (or isentropic) process 4-5, 

^ = ^ x Yl-ViV 3 r 

v< v 2 x Vi ~—— 


Also 


Again, 




v 2 'v 4 p 





.... a • . . ^ x 0.439 = 3166 x 0 439 = 13ftQ a v / * . 

(«) Air standard efficiency : ’ 8 K ‘ (AnsJ 

Heat rejected during constant volume process 5-1, 

= C » (r 5 ~ fi> = 0.71(1389.8 - 363) = 729 kJ/kg 

’W-.tandard = -^done_ = Q-Q 

Heat supplied Q s 
1750-729 

„ __ ~ 1750 * 06834 or 58.34%. (Ans.) 

( M > Mean effective pressure, p ; 

Mean effective pressure is given by 

p = Work done per cycle 
Stroke volume 


p m = 7r\p 3 (V 4 - v 3 )+P*Z±siPsZi _ P 2 V 2 - ftF, 1 

* L 7-1 T-l J 




VI + K v 

c *c 

V;=(r-l)V e 
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P 3 (PV C -V C ) + 


PiP^c -PtjXrV, p 2 V c - Pl rV c 


7-1 


7-1 


m (r-l)V c 
r = 9, p = 1.15, y = 1.4 

Pi ~ 1 k ar > P 2 ~ 21-67 bar, p s = p 4 = 68 bar, p 6 = 3.81 bar 
Substituting the above values in the above equation, we get 

„ = —j— f68 (115 -1) + jig 115 - 3 81 X 9 _ 21-67 - 9~| 
0-l)L 1.4-1 1.4-1 J 

= j (10.2 + 109.77 - 31.67) = 11.04 bar 


Hence, mean effective pressure = 11.04 bar. (Ans.) 

Example 3.27. An I.C. engine operating on the dual cycle (limited pressure cycle) the 
temperature of the working fluid (air) at the beginning of compression is 27°C. The ratio of the 
maximum and minimum pressures of the cycle is 70 and compression ratio is 15. The amounts of 
heat added at constant volume and at constant pressure are equal Compute the air standard 
thermal efficiency of the cycle. State three main reasons why the actual thermal efficiency is 
different from the theoretical value. 

Take i for air = 1.4. (U.P.S.C. 1997) 


Solution. Refer Fig. 3.23. Given : T. = 27 + 273 = 300 K • ^ = 70 — = — = 15 

Pi 9 V 2 v 3 



Fig. 3.23. Dual cycle. 


Air standard efficiency, Tl. lr .. Und . rd : 

Consider 1 kg of air. 

Adiabatic compression process 1-2 : 



2.954 
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P2 

Pi 


■fe)'’ (15> " 


p 2 = 44.3 Pl 


or 

or 


Constant pressure process 2-3 : 

P2 _ P3 

V t 3 

T.= T,x — = 886.2 X - vf 1 = 1400 K 
3 3 P 2 44.3pj 

Also, Heat added at constant volume = Heat added at constant pressure 

c„ < T 3 - T 2 > = % - **> 

r 3 - r 2 = y (t 4 - r 3 ) 

71 _ . jViIk 


...(Given) 


1400 - 886.2 

1400 + -—-= 1767 K 


Constant volume process 3-4 : 

£3 = 

Tz T< 


Also, - —*— 

y 3 (u/15) 

Also, v 5 = Uj 

Adiabatic expansion process 4-5 : 

\T-1 


u 4 _ _ 1767 


^3 


1400 


1.4 


= 1.26 


= 1.26 or v 4 - 0.084 v i 


•fell 




0.084^ 
1767 


= 2.69 


2.69 2.69 

Work done 


656.9 K 

Heat supplied - Heat rejected 


< air-standard Hgat sup pH e d 

Heat rejected 


Heat supplied 


= 1- 
= 1 - 

= 1 


= 1- 


Heat supplied 

*(r, -fi) 

c v^3 “T^) + c p (T 4 -T 3 ) 

(Ts-Tj) 

(T 3 -T 2 ) + y(T 4 ~T 3 ) 
(656.9-300) 


4 


0.653 or 65.3%. (Ans.) 


(1400 - 886.2) +1.4(1767 - 1400) 

Reasons for actual thermal efficiency being different from the theoretical value : 

1. In theoretical cycle working substance is taken air whereas in actual cycle air with fuel 
acts as working substance. 

2. The fuel combustion phenomenon and associated problems like dissociation of gases, 
dilution of charge during suction stroke, etc. have not been taken into account. 
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3. Effect of variable specific heat, heat loss through cylinder walls, inlet and exhaust veloci¬ 
ties of air/gas etc. have not been taken into account. 

^Example 3.28. A Diesel engine working on a dual combustion cycle has a stroke volume 
of 0.0085 m 3 and a compression ratio 15 : 1. The fuel has a calorific value of 43890 kJlkg. At the 
end of suction, the air is at 1 bar and 100°C. The maximum pressure in the cycle is 65 bar 
and air fuel ratio is 21 : 1. Find for ideal cycle the thermal efficiency. Assume c p - 1.0 kJ/kg K and 
c v = 0.71 kJlkg K. 

Solution. Refer Fig. 3.24. 


P (bar) 



Compression ratio, r = 15 : 1 

Calorific value of fuel, C = 43890 kJ/kg 

c a 1.0 kJ/kg K, c y - 0.71 kJ/kg K 

Thermal efficiency : 

y = V, - = 0.0085 m 3 

s 1 t 


and as 


or 

or 


r = y- = 15, then V, = 15V 2 


V 2 = V 3 = V e = = 0 .OOO 6 m 3 

Z d c 
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For adiabatic compression process 1-2, 


INTERNAL COMBUSTION ENGINES 


P 2 




1 X (15) 1 - 41 


ZP_ _ 


1.0 


Cy 0.71 


= 1.41 


= 45.5 bar 


Also, 


=(r) y 1 = (15) 141 - 1 = 3.04 


T 2 = T i * 3 04 = 373 x 3.04 = 1134 K or 861°C 


For constant volume process 2-3, 


P2 __ P3 

*2 *3 


£3 


65 


T 3 = T 2 x pi = 1134 x = 1620 K or }»47*C 
According to characteristic equation of gas, \ 

P X V X = mi?7\ \ 

P1V1 1 x 10 5 x 0.009 

m= RTi 287 x 373 = 0 0084 (air) I 

Heat added during constant volume process 2-3 , J 

= m x C{? (r 3 - r 2 ) / 

= 0.0084 x 0.71 (1620 - 1134) / 

= 2.898 kJ ' 

Amount of fuel added during the constant volume process 2-3, 

2.898 

= 0.000066 kg 

*tOOI7U 

Also as air-fuel ratio is 21 : 1. 


Total amount of fuel added 


43890 

0.0084 


21 


= 0.0004 kg 


Quantity of fuel added during the process 3-4, 

= 0.0004 - 0.000066 = 0.000334 kg 
added during the constant pressure operation 3-4 

= 0.000334 x 43890 = 14.66 kJ 
But (0.0084 + 0.0004) c p (T 4 - T 3 ) = 14.66 
0.0088 x 1.0 (T 4 - 1620) = 14.66 
T _ 14.66 

i 4 - 

Again for operation 3-4, 


0.0088 


+ 1620 = 3286 K or 3013°C 


n~T 4 

For adiabatic expansion operation 4-5, 


V 3 T 4 0.0006 x 3286 

V ^ = ir = ~ 1620 “ °-° 01217 m3 


Zk-feY' 1 . 

"KJ 


f 0,009 y 

"U.001217J 


= 2.27 
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7 ’ 5= fi7 = W =1447 - 5KOrll74 - 5 ” C 
Heat rejected during constant volume process 5-1, 

= »» c 0 (T 5 - Tf) 

= (0.00854 + 0.0004) x 0.71 (1447.5 - 373) = 6.713 kJ 
Work done = Heat supplied — Heat rejected 

= (2.898 + 14.66) - 6.713 = 10.845 kJ 

.'. Thermal efficiency , 

Work done 10.845 




Heat supplied (2.898 + 14.66) 


= 0.6176 or 61.^6%. (Ans.) 


^Example 3.29. The compression ratio and expansion ratio of an oil engine working on 
the dual cycle are 9 and 5 respectively. The initial pressure and temperature of the air are 1 bar 
and 30°C. The heat liberated at constant pressure is twice the heat liberated at constant volume. 
The expansion and compression follow the law p\ft.2S _ constant . Determine : 

(i) Pressures and temperatures at all salient points. 

(ii) Mean effective pressure of the cycle . 

(iii) Efficiency of the cycle. 

(iv) Power of the engine if working cycles per second are 8. 

Assume : Cylinder bore ~ 250 mm and stroke length = 400 mm. 

Solution. Refer Fig. 3.25. 



Fig. 3.25 

Initial temperature, 7\ = 30 + 273 = 303 K 
Initial pressure, p 1 = 1 bar 

Compression and expansion law, 

pY 1 - 25 = constant 


© 
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r c = 9 
r, = 5 
= 8 

D - 250 mm = 0.25 m 
L = 400 mm = 0.4 m 
Heat liberated at constant pressure 

= 2 x heat liberated at constant volume 
(i) Pressure and temperatures at all salient points : 

For compression process 1-2, 


Compression ratio, 
Expansion ratio, 
Number of cycles/sec. 
Cylinder diameter, 
Stroke length, 


Pi Vf =P 2 V 2 " 


Pj=PlX 




Also, 


\ KJ 


= (9) L 


(9) 1 - 26 = 15.59 bar. (Ans.) 


= 1.732 


T, = T x x 1.732 = 303 x 1.732 
= 524.8 K or 251.8°C. (Ans.) 
Also, c p (r 4 - Tj) ss 2 X C V (T S - 7 2 ) (given) 

For constant pressure process 3-4, 


T 3 V 3 

= — = 18 
5 

T 4 = 1.8T 3 


Compression ratio (r c ) 
Expansion ratio (r e ) 


Substituting the values of T 2 and 7 4 in the equation (t), we get 
1.0(1.87, - r 3 ) = 2 X 0.71(7 3 - 524.8) 

0.8T, = 1.42(7, - 524.8) 

0.87, 


...(0 


v V x V 

v 4 v 3 v 4 

Vi 1 

s= —— X — 

V 3 p 

v 2 x p 


p- 


Jc_ 

Yl 

v < 


(Ans.) 


Also, 


PZ _P2 


= 15.59 x 


T 3 

p 3 = p 2 x y 2 

p 4 = p 3 = 35,7 bar. 


1201.9 


..for process 3-2 2 


= 35.7 bar. (Ans.) 


For expansion process 4-5, 

PiY{ =P 5 V 5 n 


524.8 

(Ans.) 

T 4 = 1.87, = 1.8 x 1201.9 = 2163.4 K or 1890.4°C. 


(Ans.) 
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P _ „ x [- p x -i— = ~^5 = 4.77 bar. (Ans.) 
P6 " P4 LV 5 J Pi (r e T (5) 125 

^-=f—T ‘=—V= 1.25 T = 0(568 

T 4 (Vj (r,)"' 1 (5) l26 


^ S ° J 4 \ v 5j '■ r e> W/ 

7 S = 7 4 x 0.668 = 2163.4 x 0.668 = 1445 K or 1172°C. (Ans.) 

(i ii ) Mean effective pressure, p m : 

Mean effective pressure is given by 

1 f V) . P 4 V 4 - P5 V 5 P 2 V 2 - P gl] 

P m = ^-^P3 ( V4-V 3 )+—^ „-l J 

1 L , n «, pip-p^c Parml 

“c^«r (p ) - 1 J 

r c = p, p = 1.8, n = 1.25, pj = 1 bar, p 2 = 15.59 bar, p 3 = 35.7 bar, 
p 4 = 35.7 bar, p 6 = 4.77 bar 

1 F 35.7x1.8-4.77x9 15.59-1x91 

35.7 ( 1.8 - 1 ) +-- 1.25 


Now, 


Pm = 


(9-1) 


_ i [28.56 + 85.32 - 26.361 = 10.94 bar 
8 

Hence mean effective pressure = 10.94 bar. (Ans.) 

( 1 iii) Efficiency of the cycle : 

Work done per cycle is given by W a p n V t 
here V t = tU\D 2 L = ti/4 x 0.25 2 x 0.4 = 0.0196 m 3 

X r 10.94 x 10 6 x 0.0196 


W = 


1000 


kJ/cycle = 21.44 kJ/cycle 


Heat supplied per cycle = mQ f 
wherein is the mass of air per cycle which is given by 

J m= where V x = V s + V c = 


v a +v c 


—£ « y.-Yi 


i v - 


9 

9-1 
lxl0 5 x 0.02205 


x 0.0196 = 0.02205 m 3 

= 0.02535 kg/cycle 


Heat supplied per cycle 


Efficiency = 


287 x 303 

= mQ s = 0.02535 lc v (T a - T 2 ) + c p (T 4 - T 3 )] 

= 0.02535[0.71(1201.9 - 524.8) + 1.0(2163.4 - 1201.9)] 
= 36.56 kJ/cycle 

Work done per cycle _ 21.44 
Heat supplied per cycle 36.56 
= 0.5864 or 58.64%. (Ans.) 
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(iv) Power of the engine, P : 

Power of the engine, p = Work done per second 

= Work done per cycle x no. of cycles/sec. 

= 21.44 x 8 = 171.52 kW. (Ans.) 

3 7 c ° MP4EISON o p orro. diesel and dual combustion cycles 

A*. ' ” »— -*>*«. — . b«„ for 

• Compression ratio. 

• Maximum pressure 

• Heat supplied 

• Heat rejected 

• Net work. 

dual combustion cyclesTs "tobe TOm P Med abIeS ^ Whe " ^ performance °f Otto, Diesel and 

3.7.1. Efficiency Versus Compression Ratio 

combustion^ycles'at^arious'aimpression^atio^and^wdth 6 ^' 0 ' 611 ^ 6 ^ ** ^ ° fct °’ DieSel and Dual 

Dual combustion cycles. It is evident from the Fie 326 t^,^h cu * off ] ratio for ‘he Diesel and 
with the increase in the compression ratio. For^a given comnr *** standard efficiencies increase 
efficient while the Diesel cycle is the least efficient P ra f 10 otto « the most 

• 1 lotto > Udual > fi diesel'’ 



grating c.I. engine operation 
compression ratio range compression ratto mnge 

Compression ratio, r_*. 

Fig. 3.26. Comparison of efficiency at various compression ratio, 
ratiorang^'theD™se“ “more'effidentthm theoSSf"*“ limited by det0nation '*• *eirrespective 


r 
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3.7.2. For the Same Compression Ratio and the Same Heat Input 

A comparison of the cycles (Otto, Diesel and Dual) on the p-v and T-s diagrams for the same 
t compression ratio and heat supplied is shown in the Fig. 3.27. 




Fig. 3.27. {a)p-v diagram, (6) T-s diagram. 


We know that, 


*1 = 1 - 


Heat rejected 


...(3.13) 


Heat supplied 

Since all the cycles reject their heat at the same specific volume, process line from state 4 to 
1, the quantity of heat rejected from each cycle is represented by the appropriate area under the 
line 4 to 1 on the T-s diagram . As is evident from the eqn. (3.13) the cycle which has the least heat 
rejected will have the highest efficiency. Thus, Otto cycle is the most efficient and Diesel cycle is 
the least efficient of the three cycles. 


fiotto ' > fidual fidieael • 


3.7.3. For Constant Maximum Pressure and Heat Supplied 

Fig. 3.28 shows the Otto and Diesel cycles on p-v and T-s diagrams for constant maximum 
pressure and heat input respectively. 




Fig. 3.28. (a)p-v diagram, (6) T-s diagram. 
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~ !° r ‘ he j maXimUm pressure the Points 3 and 3' must lie on a constant pressure line, 
the line rejeC . te ^ frora the Diesel cycle is represented by the area under 

hence th» n ^ ^ 18 Iess than the Otto £ y cIe under the curve 4' to 1 • 

*“ * «* —«■»«<• 

otto diesefand dual" (a) 'h lth f the ht ’ r lp °f P V and Ts dla B ram Compare the cold air standard 
otto, diesel and dual combustion cycles for same maximum pressure and maximum tempera - 

c w r. r (AMDS Summer, 1998) 

Solution. Refer Fig. 3.29. ( a, b ). 

for the?r: r - Standani 0tt °’ Dual and 1316861 cycles are drawn on common p-v and T-s diagrams 
for thei same maximum pressure and maximum temperature, for the purple of comparison 

Otto 1-2-3-4-1, Dual l-2'-3'-3-4-l, Diesel l-2"-3-4-l (Fig 3.29 (a)), 
lines. (Fig!^^ ( 6 )J t ° nt Volume llnes 011 ' P ' s diagram is higher than that of constant pressure 



point 3 foamemeT ^ to a low compression ratio (r) to fulfill the condition that 

pomt 3 (same maximum pressure and temperature) is to be a common state for all the three cydes 

rejected fo sameforalTthl tT '* 8 diagram Pr ° V6S that for 8 ive “ conditions the heat 

rejected is same for all the three cycles (area under process line 4 - 1 ). Since, by definition, 

r, Heat rejected, Q, Const. 

Heat supplied, Q Q 

he cycle, with greater heat addition will be more efficient. From the T-s diagram, 

*?«(diwei) = Area under 2"-3 
^Kduai) = Area under 2 , -3 / -3 
./ Q«m = Area under 2-3. 

j ' U can be seem that - «« > Q s(iual) > 

and thus, %eael > n dual > n otto . 

3.8. ATKINSON CYCLE 

This cycle consists of two adiabatics, a constant volume and a constant pressure process. 
P-V diagram of this cycle is shown in Fig. 3.30. It consists of the following four operations : 


Visit: www.Civildatas.com 


AIR STANDARD CYCLES 


139 


(i) 1-2— Heat rejection at constant pressure 
(«) 2-3— Adiabatic compression 

(iii) 3-4— Addition of heat at constant volume 

( iv ) 4-1— Adiabatic expansion . 



or 


Consider 1 kg of air 


Fig. 3.30 

Compression ratio 

= i* 

”3 

= a 

Expansion ratio 

= 

v 4 

= r 


Heat supplied at constant volume = c v (T i - T 3 ) 

Heat rejected = c y (Tj - T 2 ) 

Work done = Heat supplied - Heat rejected 

-ACT,-*V-A0i-r t ) 


Work done c„ (T 4 - T 3 ) - - T 2 ) 

Heat supplied c v (T 4 - 73 ) 


= i-y. 

During adiabatic compression 2-3, 


01 - 72 ) 

(T 4 -r 3 ) 


Ik 

t 2 



= (a) y ~ 1 


t 3 = t 2 w t-y 


During constant pressure operation 1-2 




...(i) 


...( a ) 
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Zk = _^ = a 
Ti ^ 


During adiabatic expansion 4-1, 


■ •■(Hi) 

u 3 v i ^3 V x r I 


a-rar .^-1 


v 4 


T i = 


(r) Y ” 1 

Putting the value of T x in equation (iii), we get 
7 1 _ ^4 ct 

2 ~^*7 

aT 4 
~ r y 

Substituting the value of T, in equation (if), we get 


...(£y) 






Finally putting the values of T p T 2 and T, in equation (i), we get 


n = i - t 


-r-i 


ar 4 

’(r)T 




= l-y 


r -a 

__ /-yY 


Hence, cir standard efficiency s 1 — y 


r - a 


v ^ y ..(3.14) 

ta^en 3 ' 31 ’ ^ *"** *" “ *** " Al ' cA «"**• of the following processes 

(a) Heat rejection at constant pressure. 

(b) Adiabatic compression from 1 bar and 27°C to 4 bar. 

additl0n a * constant volume to a final pressure of 16 bar 
{a) Adiabatic expansion to 1 bar. 

Calculate : (i) Work done/kg of gas. 

(“) Efficiency of the cycle. 

Take : c p = 0.92 kJ/kg K, c v = 0.75 kJIkg K. 

Solution. Refer Fig. 3.31. 

Pressure, _ - , 

P 2 = Pi ~ 1 bar 

Temperature. T 2 = 27 + 273 = 300 K 

Pressure after adiabatic compression, p 3 = 4 bar 
Final pressure after heat addition, p 4 = 16 bar 
For adiabatic compression 2-3, 

V 1^1 1.22 - 1 


rp ( V *—t , 122-1 

li_f EA I r f 4) 1.22 
T 2 ~{p 2 ) = llj = 1.284 


Y = —= 


0.92 

0.75 


= 1.22 
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Fig. 3.31 

P 3 = r 2 x 1.284 = 300 x 1.284 = 385.2 K or 112.2°C 


— For constant volume process 3-4, 
Pa __ P_s_ 


m __ Pa t s 16 x 385.2 

4 “ ~V“ = - ~a - = 1540.8 K or 1267.8°C 

P3 4 

For adiabatic expansion process 4-1, 


Ht)’ 


nr rp T t 1540.8 

Tl = TM = Ti^ = 934 9 K or 661.9°C. 

(i) Work done per kg of gas, W : 

Heat supplied = c v ( T 4 - T 3 ) 

= 0.75 (1540.8 - 385.2) = 866.7 kJ/kg 

Heat rejected = Cp (7\ - T 2 ) = 0.92(934.9 - 300) = 584.1 kJ/kg 

Work done f kg of gas, W = Heat supplied - Heat rejected 

= 866.7 - 584.1 = 282.6 kJ/kg = 282600 N-m/kg. (Ans.) 

(«) Efficiency of the cycle : 

Fffirjpnrv „ Work done 282.6 

Efficiency, ft = — -— = —- = 0.326 or 32.6%. (Ans.) 

Heat supplied 866.7 

3.9. ERICSSON CYCLE 

It is so named as it was invented by Ericsson. Fig. 3.32 shows p-V diagram of this cycle. 
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It comprises of the following operations : 

C i ) 1-2 —Rejection of heat at constant pressure 
(ii) 2-3— Isothermal compression 
{Hi) 3-4— Addition of heat at constant pressure 
( iv ) 4-1— Isothermal expansion. 



Pig. 3.32 


Consider 1 kg of air. 

Volume ratio, r = — = ~ 

l > 3 V 4 

Heat supplied to air from an external source 

= Heat supplied during the isothermal expansion 4-1 
= JHi log* r 

Heat rejected by air to an external source 
= RT 2 . log e r 

Work done = Heat supplied - Heat rejected 

= RT 1 . log e r - RT 2 . log e r = R lo g e r (7\ - T 2 ) 

_ Work done _ R log e r (2\ - T 2 ) 

Heat supplied i?T\ . log e r 

_ Tizlz. 

r i 

which is the s^une as Carnot cycle. 


...(3.15) 


3.10. BRAYTON CYCLE 


Brayton cycle is a constant pressure cycle for a perfect gas. It is also called Joule cycle. 
The heat transfers are achieved in reversible constant pressure heat exchangers. An ideal gas 
turbine plant would perform the processes that make up a Brayton cycle. The cycle is shown in the 
Fig. 3.33 (a) and it is represented on p-v and T-s diagrams as shown in Fig. 3.33 (6, c). 


Visit: www.Civildatas.com 


AIR STANDARD CYCLES 


143 


The various operations are as follows : 

Operation 1-2. The air is compressed isentropically from the lower pressure p x to the 
upper pressure p 2 , the temperature rising from 7\ to T 2 . No heat flow occurs. 

Operation 2-3. Heat flows into the system increasing the volume from V 2 to V 3 and tem¬ 
perature from T 2 to T 3 whilst the pressure remains constant at p 2 . Heat received * mc p (T z - T 2 ). 

Operation 3-4. The air is expanded isentropically from p 2 to p v the temperature falling 
from T s to T 4 . No heat flow occurs. 

Operation 4-1. Heat is rejected from the system as the volume decreases from V^to V 1 and 
the temperature from T 4 to T x whilst the pressure remains constant at p y Heat rejected -mc p 
(T 4 - 7\). 


"Hair-standard ' 


Work done 
Heat received 


Heat received/cycle - Heat rejected/cycle 
Heat received/cycle 


mc p {T z -T 2 )~mc p C T 4 ~T X ) = T 4 -T x 
mc p (Tj — Tj) T 3 — T 2 


Heater 



C = Compressor T = Turbine 

(a) 




Fig. 3.33. Brayton cycle: (a) Basic components of a gas turbine power plant 
( b ) p-V diagram (c) T-S diagram. 
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Now, from isentropic expansion 


internal combustion engines 




Similarly 


Izl 

■^2 ^1 ^ r p) T » where r p = Pressure ratio. 

or T > =T * (r ^ 

^lair-standard = 1 --——-. 1 

Izi 1 EET 

W T -r,(r p ) T (,) 1 


...(3.16) 



Fig. 3.34. Effect of pressure ratio on the efficiency of Brayton cycle. 

ratio. The fff* W cl ° increases with the pressure 

material of the turbine at the point at which this *”* ^ ^ hmitlng tem Perature of the 

process alone, no further heating of the eas in th e ™-P eratur e is reached by the compression 

the work of expansion would ideally just balanclitewrhoft!^* permissible and 

would be available for external use. f c0mpresswn *> that no excess work 

Pressure ratio for maximum work : 

tempera °uTe W raft h o a11 ^ “** *" f ° T maximum work is a function of the limiting 

Work output during the cycle 

= Heat received/cycle - Heat rejected/cycle 

= mc P ,T s ~ T 2 ) - mc p (T i - T y ) 

= mc p (T 3 -T 4 )-mc p (T 2 -T 1 ) 


■'■HWH 
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In case 1 of a given turbine the minimum temperature T x and the maximum temperature T z 
are prescribed, T l being the temperature of the atmosphere and T z the maximum temperature 
which the metals of turbine would withstand. Consider the specific heat at constant pressure c to 
be constant. Then, p 


Since, 


T v p > 


Ti 


Using the constant 
we have, work output/cycle 


y-1 


w = k 


Till—Vl-T.fr/-!) 


Differentiating with respect to r 
dW 


dr r 


■ = K 


p 

T*x- 


r p (z + 1) 


« 0 for a maximum 


zT l = Tz(r i*~ l) 
r (* + D 


■ 

Tx 


rp-iTtfiP* i.e. r p * ...(3.17) 

Thus, the pressure ratio for maximum work is a function of the limiting temperature 

ratio. 

Work Ratio 

Work ratio is defined as the ratio of net work output to the work done by the turbine. 
Work ratio = 

W T 

where W? = Work obtained from this turbine, 
and W c ~ Work supplied to the compressor 

mc p (T 3 - r 4 >- mc D (T 2 - TQ T 2 -T t 
™ P {T Z -T A ) " “r 3 -r 4 


-i.a 

T 3 


T-l 

(O T -1 


1- 


Hl 
(r p ) Y 




...(3.18) 


Example 3.32. Air enters the compressor of a gas turbine plant operating on Brayton cycle 
at 101.325 kPa, 27°C. The pressure ratio in the cycle is 6. Calculate the maximum temperature in 
the cycle and the cycle efficiency . Assume W T * 2.5 W c where W T and W c are the turbine and 
the compressor work respectively . Take y = 1,4. (P.U.) 


Visit: www.Civildatas.com 










































"Visit: www .CivildUUB.com 


146 


INTERNAL COMBUSTION ENGINES 


Solution. Pressure of intake air, p x = 101.325 kPa 
Temperature of intake air, T 1 ~ 27 + 273 = 300 K 
The pressure ratio in the cycle, r = 6 
(i) Maximum temperature in the cycle, T, :' 
Refer Fig 3.35. 3 


or 


V 



Y-1 , 

T f 7 ~ 1 L4 - 1 

=<»>) y = ( 6 ) 14 = 1.668 

T 2 = 1.668 T x - 1.668 x 300 = 500.4 K 

T .IzA L4-1 

Also > = (r p ) 7 =(6) u = 1.668 

* 4 


But 



=5 2.5 w c 

mc p (T 3 - T 4 ) = 2.5 me,, (T 2 - T,) 

7 1 

r 3 - = 2.5 (500.4 - 300) = 501 or T 3 



(Given) 


(ii) Cycle efficiency, r| eyc , e : 
Now, t s 

4 

^ cycle “ 



= 1251 K or 978°C. 


(Ans.) 


^3 _ 1251 
1.668 1.668 
Net work 
Heat added 


= 750 K 

mc P (T 3 - Tj) - mc p (T 2 - 7\) 

- T 2 ) 


(1251-750)-(500.4-300) 

(1251 - 500.4) 


= 0.4 or 40%. (Ans.) 


Check: ri cyde = l- 



—n—r = 0.4 or 40%. (Ans.) 

(6fU" 
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Example 3.33. A gas turbine is supplied with gas at 5 bar and 1000 K and expands it 
adiabatially to 1 bar. The mean specific heat at constant pressure and constant volume are 1.0425 
kJIkg K and 0.7662 kjfkg K respectively. 

(i) Draw the temperature-entropy diagram to represent the processes of the simple gas 
turbine system . 

(ii) Calculate the power developed in kW per kg of gas per second and the exhaust gas 

temperature. (GATE, 1995) 

Solution. Given : = 1 bar ; p 2 - 5 bar ; T 3 = 1000 K ; c p - 1.0425 kJ/kg K ; 

= 0.7662 kJ/kg K 

c p 1.0425 
1--Z = 07662 s1 - 36 

(i) Temperature-entropy diagram : 

Temperature-entropy diagram representing the processes of the simple gas turbine system 
is shown in Fig. 2.36. 



Fig. 3.36 


(ii) Power required : 


I -(#-(0 


136-1 


« 0.653 


r 4 « 1000 X 0.653 = 653 K 
Power developed per kg of gas per second 

=<*(n-T 4 ) 

= 1.0425 (1000 - 653) = 361.7 kW. (Ans.) 

Example 3.34. An isentropic air turbine is used to supply 0.1 kg/s of air at 0.1 MN/m 2 
and at 285 K to a cabin. The pressure at inlet to the turbine is 0.4 MN/ m 2 . Determine the 
temperature at turbine inlet and the power developed by the turbine. Assume c p = 1.0 kJ/kg K. 

(GATE, 1999) 
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Solution. Given : ^ * 0.1 kg/s ; p - o 1 

'JA r ‘ - to; 

Temperature at turbine inlet, T, : 


INTERNAL COMBUSTION ENGINES 




1.4—1 
f 4^ 14 


= 1.486 


T, = 285 x 1.486 = 423.5 K. (Ans.) 
Power developed, P : 

P= KcpWs-Tt) 

= 0.1 x 1.0 (423.5 - 285) 

= 13.85 kW. (Ana.) 



i n i. Consider an air standard cycle in i , 

1.0 bar and 20°C. The pressure of air leaving tk^rrl l ■ ¥ “ r erUers the compressor at 
turbine inlet is 60(TC. Determine p?, C ° mpressor « « bar and the temperature at 

(0 Efficiency of the cycle, ©)*«* supplied o£r 

(ui) Work available at the shaft, u„\ A . . 

(u) Tern™™* * * , ) Heat rejected m the cooler, and 

(v) Temperature of air leaving the turbine. 

For air y = 1,4 and c p = 1.005 kJ/kg K 
Solution. Refer Pig. 3.35. 

Pressure of air entering the compressor, p, = 1.0 bar 
Temperature at the inlet of compressor, P, = 20 + 273 = 293 K 
Pressure of air leaving the compressor, p 2 = 3.5 bar 
emperature of air at turbine inlet, T, = 600 + 273 = 873 K 
0) Efficiency of the cycle, : 


^cycle 


= 1 


izi 
(r p ) » 


(«) Heat supplied to air : 

For compression process 1-2, we have 


' 1 ICT = °- 3 0 or 30%. (Ans.) 
(35) 14 


r p .£l.M = 3 5 

Pi 10 


a = ra)V_f35)TT 

T i 1 Pi) [ 1 J " 143 


••• Heat supplied to air, Q~ J (T "f"™ “ "® K 

UU) Work available at theshaft.'w : 2 = 7 419) = 456 27 kJ/k *- <Ans.) 

n _ Work output (W) 

Heat input (Q x ) 

w 

0-30 = 45827 or W = 0 3 x 456.27 = 136.88 kJ/kg 


We know that, 
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(iv) Heat rejected in the cooler, Qg : 

Work output (W) = Heat supplied (Q x ) - Heat rejected (Q 2 ) 

Q 2 =Q t ~W= 456.27 - 136.88 = 319.39 kJ/kg. (Ans.) 

(v) Temperature of air leaving the turbine, T 4 : 

For expansion (isentropic) process 3-4 , we have 

rp 1^1 ±±zl 

7~ = (r p ) Y =(3.5) 14 =1.43 


149 


r 


T 4 
T 4 = 


= (3.5) 
873 


= 610.5 K. (Ans.) 


Jk 

1.43 1.43 

[Check : Heat rejected in the air cooler at constant pressure during the process 4-1 can also 
be calculated as : Heat rejected = m x c p (T 4 - 7\) = 1 x 1.005 x (610.5 - 293) = 319.1 kJ/kg] 

Example 3.36. Air enters the compressor of a gas turbine plant operating on Bray ton cycle 
at 1 bar, 27°C. The pressure ratio in the cycle is 6 . If W T = 2.5 W c , where W T and W c are the 
turbine and compressor work respectively, calculate the maximum temperature and the cycle 
efficiency . (GATE, 1996) 

Solution. Given : p x - 1 bar ; 7\ = 27 + 273 = 300 K ; ~ = 6 ; W T - 2.5 W r 


Maximum temperature, T, 


Pi 


Now, 


. . Y-l 

t a = fpg .1 y 
pi 


14-1 

= (6) M a 


04 

( 6) 1 - 4 = 1.668 


Also, 


^3 _[ P2 


Y“1 

T 3 = 1.668 T 4 


04 

= ( 6) 14 = 1.668 


Now, compressor work 

W c = mc p (T 2 - TJ, 
and turbine work, 

W T = mc p (T 3 - T 4 ) 
Since W T = 2.5 W c 


.(Given) 

mc p {T 3 - T 4 ) = 2.5 x me (T 2 - T x ) 




: 2.5 (500.4 - 300) 



T : , 1 - 


J-] 

1.668 J 


■ 501 


(Ans.) 


Cycle efficiency, T] cycle : 

^ cycle 


c _ mc p (T 3 -T 4 )- mc p (T 2 - T t ) 
mc p (T 3 -T 2 ) mc p (T 3 -T 2 ) 


Wj^-Wr 
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l 1668J 


(500.4 - 300) 


(1251-500.4) 

501-200.4 


750.6 


0.40 or 40%. ( Ann .) 


of fmn^ nZ ln-r 37 '^ lT d eyek tur6 ' n « P 1 ™* operates between temperature limits 

of 800 C and 30 C and produces a power of 100 kW. The plant is designed such that there is no 

f °l ^ regener <dor. A fuel of calorific 45000 kJ/kg is used. Calculate the mass flow rate of air 
through the plant and rate of fuel consumption, 

.Assume c p = 1 kj/hg Kandy =1.4. (GATE, 1998) 

, 1 w/L Ut £ n ’ : Ti = 30 + 2?3 = 303 K; T s = 800 + 273 = 1073 K ; C = 45000 kJ/kg ; 

c p = l kJ/kg K; y - 1.4 ; = 100 kW. 

m a> m f : 

1“ ^generator is used we can assume the turbine expands the gases upto T. in such 
a way that the exhaust gas temperature from the turbine is equal to the temperature of air coming 
out of the compressor ue., T 2 = T A K 

E2 = zl, ^ = fZkl^ WiOrh 

Pi P* Pi \Ti) Pi [r 4 J 

Tz = Ts. = h. 

Ti t 4 t 2 

(v 72=7*4 .assumed) 

or T 2 m ^ or T, = Jffc 

or T 2 = 7303x1073 = 570.2 K 

N0W> ^turbine ~ ^tomprMKr = "*f X C X T, 


100 = rhf X 45000 x j 1 
■ x 45000 


L 570.2-303 ] 
L 1073-570.2 J 



- rh f x 21085.9 
100 


Again,. 


21085.9 


= 4.74 x 10 -3 kg/s. (Ans.) 


or 

or 

or 

or 


W turbin.-^co m p™»or = 100kW 

(m a +m f XT 3 -T 4 )-m a x 1 x (T 2 - 7 \) = 100 
(m a + 0.00474X1073 - 570.2) - m a (570.2 - 303) = 100 
(m a + 0.00474) x 502.8 - 267.2 m a = 100 
502.8 + 2.383 - 267.2 m a - 100 

235.6 m a m 97.617 

rh a = 0.414 kg/s. (Ans.) 
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Example 3.38. In a gas turbine plant working on Brayton cycle, the air at inlet is 27°C, 0.1 
MP a . The pressure ratio is 6.25 and the maximum temperature is 800°C. The turbine and com¬ 
pressor efficiencies are each 80%. Find compressor work, turbine work, heat supplied, cycle effi¬ 
ciency and turbine exhaust temperature. Mass of air may be considered as 1 kg. Draw T-s dia¬ 
gram. (AMIE Summer, 2000) 

Solution. Refer Fig. 3.40. 



Fig. 3.40 

Given : T l = 27 + 273 = 300 K ; Pl = 0.1 MP a ; r p = 6.25, T 3 = 800 + 273 = 1073 K 

Ocorap. “ ^turbine * 

For the compression process 1-2, we have 


t! • -V 


izl 


Y-l 


7 _ 


£ 

Ti 

T 2 s 300 x 1.688 = 506.4 K 


U-l 


(655) 14 = 1.688 


Also, 


a .IkrSL 

l COmp. p^f _ p^ 


or 0.8 = 


506.4 - 300 
7* 2 '- 300 


T , m 506.4 - 300 + 300 = 55g K 

0.8 


or 


Compressor work, W Cffmp = 1 x c p x (7y - 7\) 

= 1 X 1.005 (558 - 300) = 25959 kJ/kg. 
For expansion process 3-4, we have 


Also, 


ja B f Pd 1 

^4 UJ 


Y-l 

Y 


=V 


V 


r 3 1073 
1.688 1.688 


^turbine 


Tz-T* 


- _3 


Y-l 14 -1 

7 =(6.25) 14 - 1.688 


= 635.66 K 


0.8 = 


1073-7*4* 
1073 - 635.66 


(Ans.) 


Visit: www.Civildatas. 








































Visit: www.Civildatas.conr 


152 

INTERNAL COMBUSTION ENGINES 

Turbine work, w ^ I J 073 " °1 (107 _ 3 -635.66) = 723.13 K 

Net work output. 

Heat supplied. 

Cycle efficiency, 

Tiu-bine exhausrt temperature, T' = 723.13 K or 450.13X. (Ana.) 
ine T-s diagram is shown m Fig. 3,40. 

• s " T -— 

working fluid can be taken as air (c =10 kJ/kg K y -TZT*-T* temperature is 875 ° C - The 
and 27°C. The pressure ratio is 4. The fuel usedhZllnlit , Tf™ *** com P r ^or at 1 bar 
of 10% of calorific value in the combusdJfct^ef 10 ^ ° f42 °°°”'**- JM* a 

Solution. Given: n = 85% ■ n anof m « (GATE, 1998) 

= 300 K;c p = 1,0 kJ/kg K ; Y = m i.4, p, =’&T- 4 b»r / = 3 + 875 = 1148 K, = 27 + 273 

kg K; T| tt = 90% (since loss in the "* “ 4) C = 42000 W/ 

For isentropric compression 1-2 : 


Wturkim = J * V! " T * ] (neglecting fuel mass) 

= lx l-006 (1073 - 723.13) = 351.6 kJ/kg. (Ans.) 

“* turbin* ^comp. - 361.6 - 259.29 = 92.31 kj/ke 

« to = ixc,x(r s -r s o 

= 1 X 1.005 X (1073 - 668) = 517.57 kJ/kg. (Ans.) 
n . = w n* _ 92.31 „ „ 

<5d * Qjj, 5 i 7_57 = 0-1783 or 17.83%. (Ans.) 



or 


Fig. 3.41 



14>i 

( 4 ) 14 = 1.486 


T 2 = 300 x 1.486 = 445.8 K 

„ _ 

■compressor “ yw _ y, 

445^-300 

7y-3oo 
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ml 446.8 - 300 •„ 

T 2 = -- + 300 = 482.2 K 

Now, Heat supplied by the fuel = Heat taken by the burning gases 

0.9 x m f x C = (m a + m f ) X c p x (T 3 - T 2 ') 

P- faiiaL ‘p&s-T*) U a ,1 1 

l ^ J 0-9 [mjr J 0.9 \ 

42000= [^ + l] x WM 8 - 48227) U +1 


42000 


— 1 = 55.77 say 56 


/Ty 739.78 
A/F ratio = 56 : 1. (Ans.) 

3.11. STIRLING CYCLE 

Fig. 3.42 shows a Stirling cycle (1827) on p-v and T-s diagrams. It consists of two isotherms 
ana two constant volume processes . 

Process 1-2 is the isothermal compression with heat rejection Q T to the surroundings at 
temperature T L . & 

ture :r Pr ° CeSS 8-4 is the i80thermal expansion with heat addition Q H from a source at tempera- 




Fig. 3.42. Stirling cycle. 

Process 2-3 and 4-1 are constant volume heat transfer processes . 
For 1 kg of ideal gas, 

Qj -2 (Heat rejected) = W 12 = - RT L In — (compression) 

V 2 
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Q 3 4 (Heat supplied) = W 3 ^ = RT H In 


: 0 (since v = const.) 


(Expansion) 


t 2-s * 

a-.j 

(v v 4 = Oj and 03 = t^) 

• r H ) or c v (T h -T l ) ; W 41 = 0 (since l> = const.) 
The efficiency of the Stirling cycle is less than that of the Carnot cycle due to heat transfers 
at constant volume processes. However, if a regenerative arrangement is used such that 
= Q 2 -3 area un der 1-4 is equal to area under 2-3, then the cycle efficiency becomes 

rvn v }h 
Vz 


RT„ 


n = ■ 


3.. 


T„-T, 


RT, 


« ,n 5 


...(3.19) 




which means the regenerative Stirling cycle has same efficiency as the Carnot cycle. 

The following points are worth noting : 

• As far as the impractibility of accomplishing isothermal compression and expansion 
processes with a gas is concerned, the Stirling cycle suffers from the limitation of the 
Carnot cycle. But, it does not suffer from other drawbacks of the Carnot cycle, viz, very 
low m.e.p., the narrow p-v diagram and great susceptibility to the internal efficiencies 
of the compressor and the expander. 

• The mean effective pressure (m.e.p.) of the Stirling cycle is much greater than that of 
the Carnot cycle. 

• A reversed Stirling cycle with regeneration can similarly attain Carnot C.O.P. 

• The Stirling cycle can suitably replace Otto cycle (having two constant volume proc¬ 
esses) in reciprocating I.C. engines. 

Example 3.40. An air standard Stirling cycle is equipped with a 100 percent efficient 
regenerator system. The isothermal compression commences from 1 bar and 310 K, and subse - 
quent heat addition at constant volume raises the pressure and temperature to 16 bar 930 K, The 
cycle is finally completed through an isothermal expansion and constant volume heat rejection. 
Analyse each of the four processes for work and heat transfer and determine the engine efficiency. 3 

Solution. Refer Fig.3.42, 

Given : p 1 = 1 bar ; 7\ = T L = 310 K ; p 3 = 16 bar ; T 3 = T H = 930 K. 

Consider 1 kg of air. 


Pi v i = RT i 
RT i 

u - - 

1 Pi 


287x310 
lx 10 s 


= 0.8897 m 3 /kg 


Similarly v 2 

\ 

Compression ratio, r = 


R7^ _ 287 x 930 


Ps 


16 x10 s 
0,8897 


= 0.1668 m 3 /kg 


08897 = 533 

Ivj 0.1668 


\ 


Process 1-2 : = T 2 = 310 K = T L 

Heat rejected, Q l2 = W 12 = RT L In j = 


RTr In (r) 



Visit: www.Civildatas.com 


utiAAk ii fiiii* life ijji 


AIR STANDARD CYCLES 

= 287 x 310 In (5.33) = 148878 J/kg = 148.88 kJ/kg 
Process 2-3 : Q 2 3 - W 2 ^ = 0 (since volume is constant) 

Process 3-4 : Heat supplied, = W 3 _ 4 = RT H ln(r) 

= 287 x 930 In (5.33) = 446634 J/kg or 446.63 kJ/kg 
Process 4-1 : = - c y (T L - T H ) or c v (T H - T L ) 

Heat supplied during the process 2-3 = Heat rejected during the process 4-1. 
Work done = Net heat exchange during the isotherms 
= 446.63 - 148.88 = 297.75 kJ/kg 


155 


Work done 


297.75 


= 0.6676 or 66.7%. 


Thermal efficiency, n.. = __ 

Heat supplied 446.63 

Since Stirling cycle is completely reversible , its efficiency is also given as, 


n = 


= H ' 




930 - 310 
930 


= 0.667 or 66.7%. (Ans.) 


3.12. MILLER CYCLE 


The Miller cycle (named after R. H. Miller) is a modem modification of the Atkinson cycle 
and has an expansion ratio greater than the compression ratio, which is accomplished, however, 
in much a different way. Whereas a complicated mechanical linkage system of some kind is 
required for an engine designed to operate on the Atkinson cycle, a Miller cycle engine uses 
unique valve timing to obtain the same desired results. 


14 



The closing cycles for : 

Early intake valve: 6-7-1-7-2-3-4-5-7-6 
Late intake valve : 6-7-5-7-2-3-4-5-7-6 


T.D.C B.D.C. 

Fig. 3.43. Air-standard Miller cycle for un throttled a naturally aspirated four-stroke cycle S.I. engine. 
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With the movement of the piston towards B D C dnrino- fui t ^ . 

the cylinder pressure is reduced along the proces! 7 l ? ^ ^ ° f ^ ^ Stroke - 

When the piston reaches B.D.C. and starts back towards the T D C th* „ 
increases along the process 1-7. 3 the the Pressure again 

Then, the resulting cycle is : 6-7-1-7-2-3-4-5-6. 

- The work produced during 6-7 (intake process) is cancelled by 7-6 (exhaust pn>cess) 

— the process 7-1 is cancelled by 1-7. 

Hence net indicated work = Area within the loop 7-2-S-4-5-7 ; there being no pump 

. ii ** 

' uj ...(3.20) 

. il = ii 

Uj i*, ...(3.21) 

A greater net indicated work per cycle is obtained as a result of the shorter compression 
work* ' C ° mbined With the l0Dger ex P ansion s^oke which produces 

p F y U n r * her ' by ******* to flow through the intake system unthrottled, a major loss 
experienced by most S.I. engines is eliminated. 

ciencyO ^ “h 86 ”' 6 ^ PUmP W ° rk ’ ^ Cyde 6ngine has a hi ^r thermal effi- 

SX ::t?uo7ooZT supercharged ° r tobocharged with *■*» — 

fqqT°A b i leS W I th , Mille / u CyCle 6ngines were first marketed in the latter half of the 
about K) 1 compression ratio is about 8 : 1, with an expansion ratio of 


The compression ratio 
The larger compression ratio 


3.13. LENOIR CYCLE 

g.j Flg ' 3 ' 44 Sh ° WS an air standard approximation for a historic Lenoir engine cycle. 1-2-3-4-5- 

" pl"“ *”“™' *• <*— 

• At about halfway through the first stroke, the intake valve is closed and the air-fuel 
mixture is ignited without any compression. Combustion raises the temperature and 
pressure in the cylinder almost at constant-volume in the slow-moving engine-process 

• The second half of the first stroke then becomes the power or expansion process 

• Near B.D.C., the exhaust valve opens and blowdown occurs— process 4-5. 

• Then follows the exhaust stroke 5-1, thus completing the two stroke cycle. 
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Fig. 3.44. Air standard approximation for historic Lenoir engine cyde, 1-2-3-4-5-2-1. 

Thermodynamic analysis : 

Consider the clearance volume to be essentially nil. Cancelling the intake process 1-2 and 
latter half of the stroke 2-1 thermodynamically on p-v coordinates, the cycle then becomes 
2-3-4-5-2. 

Process 2-3. Constant volume heat input ( combustion ); All valves closed : 

■Pa=Pi= iW ;v 3 = v 2 ; = 0, Q 2 . 3 = Q jn = c„(T 3 - T 2 ) = (u, - u 2 ) 

Process 3-4. Isentropic power or expansion stroke ; All valves closed : 

$3-4 55 0 I T 4. “ T 3 (u 3 /i; 4 )^ 1 ; p 4 = p 3 (vjv 4 )y ; 

^3-4 - (P4 y 4 - P^ z m - y) = R(T 4 - T 3 m - y) 

Process 4-5. Constant volume heat rejection (exhaust blow down ) ; Exhaust valve open 
and intake valve closed ; 

"5 * " W. i ^4-5 = $4-5 " $ out = C u (T 4 - T 6 ) =V 4 -V 5 

Process 5-2. Constant pressure exhaust stroke at p.^ ; Exhaust valve open, and intake 
valve closed. 


P& P2 “ Pi “ Patm. * ^6-2 PatmS^b ^2^ » $5-2 = $ou< “ ^5 “ ^2^ 

“ C p(T 5 “ T 2>’ 

Thus, thermal efficiency of Lenoir cycle, 

(n . ) T — — $in ~ $?ut _ -t $out 

$in $in 

_ ic v {T A -Ti) + c p (T h -T 2 )] 

Cv{T z -T 2 ) 

_ 1 [(T 4 ~T 5 ) + y (T,-^)] 

t 3 -t 2 


...(3.22) 
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HIGHLIGHTS 


INTERNAL COMBUSTION ENGINES J ^ 

$ 


L A cycle is defined as a repeated series of operations occurring in a certain order. 

2* The efficiency of an engine using air as the working medium is known as an ‘Air standard efficiency’. 

3. Relative efficiency, t i . , Actual thermal effideoqr 

Air standard efficiency 


4. Carnot cycle efficiency, 

5. Otto cycle efficiency, 


Ti zh 

Tl 


T lotto 


= 1 - 


(r)Y- 


„ ... ftrI(r 1 '- 1 -lXr D -l)] 

Mean effective pressure, P. (0M =-- 


6. Diesel cycle efficiency, 


y (r) Y " 


P Y -1 


P-1 


~ Pi rY [y(p-1)-r 1 “^(p Y - 1)] 

Mean effective pressure, PmMi =-- 


7. Dual cycle efficiency, Tij^ = 1 - 


1 

(P-P T -1) 

(r)*- 1 

(p -1) + Py(p -1) 


Mean effective pressure, p mW ^ = — — P T( - ^ - ~ 1)1 

a Atkinson cycle efficiency, ti ..., = 1 -y. ^ 

Asuwon ^7 _ a T 

where a - compression ratio, r = expansion ratio. 

9. Brayton cycle, 


^1 Bray ton = 1 -■ y , where r p = pressure ratio. 

<r D )~ 


10. Stirling cycle, i] = Tl . 

1L Miller cycle engines are usually supercharged or turbocharged with peak intake manifold pressures of 150 
200 kPa. 


12. Lenoir cycle, 


( ,v _, (T 4 -T 5 ) + y(T 6 -T 2 ) 

”UW- A - t 3 -t 2 


OBJECTIVE TYPE QUESTIONS 


Choose the correct answer: 

L The air standard Otto cycle comprises 

(a) two constant pressure processes and two constant volume processes 
"(AXtwo constsntpressure and two constant entropy processes 

(c) two constant volume processes and two constant entropy processes 

(d) none of the above. 
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2. The air standard efficiency of Otto cycle is given by 


a. 


4. 


a 


(a) if = 1 + 
(c) T| = 1 — 


1 

(r)* + 1 
1 

(D* + 1 


The thermal efficiency of theoretical Otto cycle 
(a) increases with increase in compression ratio 
(■ b ) increases with increase in isentropic index y 
(c) does not depend upon the pressure ratio 
id) follows all the above. 

The work output of theoretical Otto cycle 

(а) increases with increase in compression ratio 

(б) increases with increase in pressure ratio 

(c) increases with increase in adiabatic indexy 

(d) follows all the above. 

For same compression ratio 


(6) T| — l _ 


(d) TJ = 2 — 


(r)T 

1 


(D* 


-l 


-1 * 


(а) thermal efficiency of Otto cycle is greater than that of Diesel cycle 

(б) thermal efficiency of Otto cycle is less than that of Diesel cycle 
(c) thermal efficiency of Otto cycle is same as that for Diesel cycle 
(cO thermal efficiency of Otto cycle cannot be predicted. 

In air standard Diesel cycle, at fixed compression ratio and fixed value of adiabatic index (y) 

(a) thermal efficiency increases with increase in heat addition cut off ratio 

(b) thermal efficiency decreases with increase in heat addition cut off ratio 

(c) thermal efficiency remains same with increase in heat addition cut off ratio 

(d) none of the above. 


1. (6) 


ANSWERS 

2. (6) 3. (d) 4 (d) 5. < a ) 


a (6). 


THEORETICAL QUESTIONS 


1. What is a cycle ? What is the difference between an ideal and actual cycle ? 

2. What is an air-standard efficiency ? 

3. What is relative efficiency ? 

4. Derive expressions of efficiency in the following cases : 

ft) Carnot cycle (H) Diesel cycle (til) Dual combustion cycle, 

Sh st^d^^ s analySiSW WWCh ^ beCn ad ° Pted ^ LC - engine qyCleS ’ StatG the assum P^ ons made 
a Derive an expression for ‘Atkinson cycle’. 

7. Derive an expression for the thermal efficiency of Stirling cycle. 

a Explam the following cycles briefly and derive expressions of efficiency. 

(i) Miller cycle 
(ii) Lenoir cycle. 
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UNSOLVED EXAMPLES 


X. A Carnot engine working between 377”C and 37°C produces 120 kj of work Determine • 

«) The beat added in kJ. (ii) The entropy change during heat rejection process 

, (Ans. (i) 229.5 kJ; (if) 0.353 kJ/K (iff) 52.3%f 

^d l5”C r^Z!v e eT y aenCy ^ ^ bodies have temperatures of 154’C 

on- . _ , [Ans* 32.55%]- 

^ « r ' w ge u enCy f0r a Change “ COmpressi ™ ratio. If the compression ratio: 

is increased from 6 to 8, what will be the percentage increase in efficiency? [Ans 8%) 

4. The efficiency of an Otto cycle is 60% andyis 1.5. What is the compression ratio 9 [Ans 41 

6. An engine working on Otto cycle has a volume of 0.5 m», pressure 1 bar and temperature 27"C at the 

— Cem “ ° fCOn ; Pr rr Str ° ke - At the end 0f TOn ’P r <*»don stroke. the pressure ms 10 bar Heat 
added during the constant volume process is 200 kJ. Determine : 1 

(i) Percentage clearance (if) Air standard efficiency 

(Hi) Mean effective pressure 

(iv) Ideal power developed by the engine if the engine runs at 400 r.p.m. so that there are 200 complete 
cycles per minutes. [Ans. (f) 23.76%; (ii) 47.2%; (Hi) 2,37 bar (io) 321kW] 

a The compression ratio in an air-standard Otto cycle is 8. At the beginning of compression process the 
temperature is 300 K. The heat transfer to the air per cycle is 1900 k J/kg of air. 

(i) Thermal efficiency (is) The mean effective pressure. 

m \ . fAna. ft) 56.47%; (ii) 14.24 bar] 

^ e ^ e 200 mm bore and 300 mm stroke works on Otto cycle. The clearance volume is 0 0016 m s The 
untial pressure and temperature are 1 bar and 60”C. If the maximum pressure is limited to 24 bar, 

(i) The air-standard efficiency of the cycle (is) The mean effective pressure for the cycle 
Assume ideal conditions. , * ' 

a r 1 i * , j . _ . [An*. (») 54.08%; ( u ) 1.972 bar] 

a Calculate the air standard efficiency of a four stroke Otto cycle engine with the following data ■ 

Piston diameter (bore) = 137 mm ; Length of stroke = 130 mm ; 

Clearance volume = 0.00028 m 3 . 1 

Express clearance as a percentage of swept volume. [Ans ^ 1% . u 6%j 

* It twin a ‘ thC b6ginning of compression, at the end of compression and 

at the end of the heat addihon are 97'C, 789°C and 1839»C. Find the efficiency of the cycle 

in a , , . , [Ans. 59.6%) 

^r CTdeTs mo WAX 6 h C ° mpr6ssi f ratio of 18 . “>d the heat transferred to the working fluid 

temnllat, ref\, b ?” g ° f the stroke, the pressure is 1 bar and the 

mperature is 300 K. Calculate : 0) Thermal efficiency, (ii) The mean effective pressure. 

„ r , [Ans. (t) 61%; (ii) 13.58 bar] 

‘ 15 ^dffirhllf , a «?n e w T7 I , nitially the air “ at 15 ° C “8 1 ata. The compression ratio is 

pressure^ Calculate = » ideal cycle efficiency, (if) The mean effective 

19 m , m , . _ [Ans. (f) 55.1%; (if) 13.4 bar] 

' d^ayed from 6% t7 9 %" ^ ^ *"* “**“ ^ “«» * if the fuel cut offi. 

[Ans. 2.1%) i 

13. The pressures on the compression curve of a diesel engine are at § th stroke 1.4 bar and at £ th stroke 
14 bar. Estimate the compression ratio. Calculate the air standard efficiency of the engine if the cut off 
occurs at £ of the stroke. [Ans. 18.54; 63.7%] 
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1VMU4UC 13 V 


15. 


.fj pci ucut ui me siroKe 


[Ans. 61.7%] 


lft 


17. 


ia 


19. 


The following data belong to a Diesel cycle: 

temperate^inthecyde'=27^c at added = 25 °° W/kg ' L ° WeS ‘P ressurein the cycle = 1 bar ; Lowest 
Determine: 

® ' 0lermal effideDCyofthe (ii) Mean effective pressure. 

( y ; ■*-*». 

Assume: cyhnder bore = 250 mm, stroke length = 300 mm,c, = 1.005, c, = 0.718 and y= 1.4. 

The compression ratio of a Dual cycle is 10 The temnersh a ^ An *’ W 61 ' 92%; 9847 bar] 

(i) The cycle efficiency. /■ *v rm 

Take: c = 1.005 kJ/kg-K, c = 0.718 kJ/ku-K ‘ pressureof 016 cycle. 

Compute the air standard efficiency of a Bravto 1 « v [Ans. (i) 66.5%; (ff)4.76 bar] 

pressure of 12 bar. Take y - 1 4 ^ ^ operatm £ between a pressure of 1 bar and a final 

[Ans. 50.8%] 
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Fuel-Air and Actual Cycles 


4.1. Fuel-air cycles—Introduction—Factors considered for fuel-air cycle calculations— 
Assumption, made for fuel-air cycle analysis—Importance of fuel-air cycle—Variable specific 
heats—Effect of variation of specific heats—Dissociation—Thermal efficiency and fuel 
consumption—Effect of common engine variables—Characteristics of constant volume fuel-air 
cycle—Combustion charts—Gas tables. 4.2. Actual cycles—Introduction—Causes of deviation 
of actual cycles from fuel-air cycles—Real fuel-air engine cycles—Difference between real 
cycle and fuel-air cycle—Comparison of operations and working media for ‘air cycle’, ‘fuel-air 
cycle’ and ‘actual cycle’ of S.I. engine—Worked Examples—Highlights—Objective Type 
Questions—Theoretical Questions—Unsolved Examples. 


V 


4.1. FUEL-AIR CYCLES 

4.1.1. Introduction 

• In air standard cycles analysis highly simplified approximations are made. The air 
standard theory gives an estimate of engine performance which is much greater than 
the actual performance. This large variation is partly due to the non-instantaneous 
burning and valve operation incomplete combustion etc. ; the major reason being over- 
simplication in using the values of the properties of the working fluid for cycle analysis. 

• In air cycle approximation it is assumed that air is a perfect gas having constant 
specific heats. In actual engine the working fluid is not air but a mixture of air, fuel 
and exhaust gases. Furthermore, the specific heats of the working fluid are not con¬ 
stant but increase with rise in temperature, and at high temperature the combustion f 
products are subjected to dissociation. 

• The theoretical cycle based on the actual properties of the cylinder gases is called the 
Fuel-air cycle approximation ; it provides a rough idea for comparison with the 
actual performance. 

4.1.2. Factors considered/for Fuel-air Cycle Calculations 

The following factors are taken into considerations while making fuel-air cycle calcula¬ 


tions 


1. The actual composition of cylinder gases (consisting of fuel, air, water vapour in air and 
residiSal gas). During the operation of engine the fuel-air ratio changes due to which the 
relative amopms of C0 2 , water vapour etc. also change. 

2. Ihcrease'of specific heats of gases (except monoatomic gases) with temperature increase, 
subsequently the value of y also changes. 

3. Since the fuel-air mixture does not completely combine chemically at high temperatures 
(above 1600 K), therefore, at equilibrium condition gases like C0 2 , H 2 , and 0 2 may be 
present. 
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4. The variation in the number of molecules present in the cylinder as the temperature and 
pressure change. 

4.1.3. Assumptions made for Fuel-Air Cycle Analysis 

Beside considering above factors, the following assumptions are made for the analysis of 
fuel-air cycle : 

1. Prior to combustion there is no chemical change in either fuel or air. 

2. Subsequent to combustion, the change is always in chemical equilibrium. 

3 The processes are adiabatic (t.e., there is no exchange of heat between the gases and 
cylinder walls in any process). In addition, the expansion and compression processes 
are frictionless. 

4. The velocities are negligibly small in case of reciprocating engines. 

Furthermore, in case of a consant volume fuel-air cycle the following assumptions are 
made : 

• The fuel is completely vaporised and perfectly mixed with the air ; 

• The burning takes place instantaneously at T.D.C. (at constant volume). 

4.1.4. Importance of Fuel-Air Cycle 

• Whereas the air standard cycle exhibits* * the general effect of compression ratio on 
efficiency of the engine, the fuel-air cycle may be calculated for various fuel-air ratios, 
inlet temperatures and pressures (It is worth noting that fuel-air ratio and compression 
ratio are much more important parameters in comparison to inlet conditions). 

• With the help of fuel-air cycle analysis a very good estimate of power to be expected 
from the actual engine can be made. Furthermore, it is possible to approximate very 
closely peak pressures and exhaust temperatures on which design and engine structure 
depend. 

4.1.5. Variable Specific Heats 

4.I.5.I. General aspects 

The specific heat of any substance is the ratio of the heat required to raise the temperature 
of a unit mass of the substance through one degree centigrade . Different substances have differ¬ 
ent values of specific heat. In case of gases, the temperature can be raised in two ways, e.g. either 
at constant pressure or constant volume. Accordingly we have two specific heats c p and c y . It is 
often convenient to use specific heats for the mol of a substance. A mol is M kilograms, called 
kilogram-mol abbreviated as kg mol. Here M is the molecular weight of the substance. 

Thus molar specific heat 

C = M. c kJ/mol K 


Similarly, 


C = M. c kJ/mol K 


and 


C v = Af. c v kJ/mol K 

In general, the specific heats are not constant. The specific heat varies largely with tem¬ 
perature but not very significantly with pressure except at very high pressure. Thus in simple 
calculations, the variation in specific heat with pressure is neglected. 

The specific heats of gases increase with the rise in temperature since the vibrational 
energy of the molecules increases with temperature. The effect of variable specific heats on the 
engine performance at higher temperature is considerable and it is, therefore, necessary to study 

these effects* 

It is generally assumed that the specific heat is a linear function of temperature and the 
following relations hold good. 
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c p = a + KT 
c v = b + KT 


INTERNAL COMBUSTION ENGINES 


-(4.1) 

-(4.2) 


where a, b and K are constant, 
rapid and the ^ 15 °° K Abwe 1500 the increase is'more 

+ + j 

c v = b + K t T + K 2 T 2 ' -W-4) 

For monoatomic gases : 

3 R 


where 

and 


an i T 

c » ~ 2 K or kcal/kg °K 

TiA __ 3 MR f 

C " 2 kJ/mol K or kcal/mol °K 


MR = Molecular weight ^hZTeZliT^TnsZY^ * " ° K J 

= Universal gas constant 

= 8.314 kJ/kg mol K or 1 986 kcal/Iro- r^i °ts 
C " IS expressed in kJ/kg K or kcal/kg °K ? K 

3R 5R 
2 


Also 


c„=R + c u = R + 


Mc p = - MR 


and 


’ ■ 20 787 “*• “■ k »«* u* . K 

c « = | R or Mc„ = | Jlffi 
c 5 ^ 7 

L pot;Sr£; f 1 “• “ * - «■ - •* 

(Approx.) c 0 = 3iJ or M cv = 3MR 

c p = 4i? or Af = 4Af 

«„ (pototmia , 33 26 L/k, * K „ 1Mt k„, A(: „ .„ 

It can be shown, from above relations, that the value of ratio i 


cjc 

P v 

5/3 


Gases 

Monoatomic 
Diatomic 
Polyatomic 

All gases, except monoatomic gases show i . 4/3 

as shown in Fig. 4.1. 6 ' Sh ° W an ,ncrease >« specific heat at high temperature 
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Fig. 4.1. Increase of specific heat with temperature. 

Fig. 4.2 shows the effect of humidity on properties of air. R is the characteristic gas 
constant; c p and c u are the specific heats at constant pressure and constant volume respectively, 
Y = ratio of specific heats. 



Fig. 4.2. Effect of humidity on properties of air. 
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8 pecifi 4 c 1 hefis Change ° f internBl a " d e ‘ ha ' Py durin « » P rocess " ith variable 

temperature ?“ v £ by “"** ^ ° f * ° f 8 gaS for sma11 chan ^ * 

du = c v dT 

“2-“r V c v dT = f 3 (t> + KT)dT 

JT i Jt x 


where, T m (mean temperature) = S- + ^ 2 

2 


= b(T 2 -T 1 )+j (T*-T*) 


= (T 2 - TJ (b + KTJ 


c ™> = ^ + ( c v m means mean specific heat at constant volume) 


q : , . . -r,) 

oimilarly, change m enthalpy is given by : 


d/> = c p dT 


. k 2~ h l = £ >m( r 2-7’ 1 ) 

w ere, Cp m means specific heat at constant pressure. 

4.1.5.3. Heat transfer during a process with variable specific heats 

For a closed system, the heat-flow is expressed as : 


...(4.6) 


...(4.7) 


or 


Also, 



...(4.8) 


in 


Substituting this value in Eqn. (4.8), we get 

— - C " f d + *4p) . 
dv ~ R ( P+ *Tj + P 
Now inserting the values of 

c p = a + KT, c v = 6 + XT and R = a - 6 

the above equation, we get — = ^ (n + — . * 

dv (a-b) dv J +p 
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or 


1 r, bvdp TjrrrL KTvdp ^ 

= (o-Tj r + ^f +£ 7 >+ ^r +ap - 6p J 

= . 6 . L + a l 

(o-6) [ * 6 6 <iu o J 

1 (a dp\ KT ( . . i 

= j^j l6 p+u -ij + (^) l p+u -; 


a _ ££.-Xr 


= 7 


6 c„-KT 

dQ 1 f , dp'i ' KT f ^ dp) 

dv ~ (7-1) V P + U 'doJ + (o^6) V ' doj 


...(4.9) 


If the expansion or compression is polytropic, then 

pv n = constant, where n < y'. 
Differentiating the above equation, 
p . nv n ~ x . dv + v n . dp = 0 


dp 

v • -j" m ~P • n 
dv 


Inserting this value in eqn. (4.9), the heat exchange in a polytropic process is given by 

dQ 


dv “ (Y'-l) 

(y'-n) 


1 . KT ( , 

(y p -p . n) + ^-7T (p - p . n) 


(a-b) 
KT 

P + 7!-— (l-»)p 


dQ = 


Cy-l) ' P (a~b) 

(y'-n) (n-1) 


_ \ llzIL 

“[/-I 


(n -1) 
(a-b) 


KT 


(y'-l) (o -6) 


’’-n') (n-1 

r-ij 


XT 


XT 


pdu 

dW 


.,.(4.10) 


If 


X=0 

dQ = 1. dW. 
Y -1 


4.1.5.4. Isentropic expansion with variable specific heats 

The heat transfer to a system is expressed as : 
f dQ = du + dW 

dQ = c v dT + pdu (considering one kg of air) 
For isentropic process, dQ = 0 

dT pdv 

C v dT + pdv = 0 or c„ — + -y- = 0 
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dT _ dv 
c v — + R . — =0 

1 V 


Inserting the value of I? and c„ in the above equation, we get 

= 0 


(b+KT) ~ + (a~b) .*L 

1 V 


or 

or 


(b + KT) + (a-b) * = 0 
Integrating both sides, we get 

b log, T + KT + (a - b) log, v = constant 
log, (T) b + log, (e)*T + log, ( v ja-i _ constant 

(T) b (e)«T („)-* = constant 

r.wf r , JH 


But. 


£ 


! (up 

K t a 

(e) b .(y)6 

- £ 

" (a-6) 


= constant 
: constant 


..(4.11) 


Inserting the value of ^ = J in the above equation, we get 


KT 


or 


pie) b .(v) b = constant 
p(o)“ /6 . e KT,b = constant 


...(4.12) 


4.1 5.5. .Entropy change’ during a process with variable specific heats 

—- - - -—■» 

d Q _ M; 

+ _ 


G?S ss 


_ D *> 

- n . — + c 
v v 


dT 

T 


= (a 


- « — + (6 + KT) — 
v x 


or 


Integrating between the limits, we get 

S 2 - s, = (a - 6) log, [vjvj + b log, (TJT.) + K(T, - T.) 
To express the equation in terms of p and v 

£lil = E^2 T 2 _ P2 V 2 

T i T 2 t x Pl v x 

log, T/r, = log, (pjp x ) + log, (p^, 


...(4.13) 
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Inserting this value in equation (4.13), we get 

s 2 - s t « (a - b ) log, {vjvj + b\\og e (pjp x ) + log, (uj/oj)] + ITCTg - T x ) 

* = a log, vjv x - b log, vjv x + b \og'Pj Pl + b log, ivjv t ) + K(T 2 - T t ) 

l “ s 2 - s i = ° ^ (*V”i) + 6 log, ipJ Pl ) + JST(r 3 - 7\) ...(4.14) 

f express the equation in terms of p and T 

I !og c ivjvj = log, (Tjj/Tj) - log, (pjpf) 

f Inserting this value in eqn. (4.14), we get 

i s 2 - s x = a log, \T 2 - T x ) ~ (a -b) log, (pc/ Pl ) + K (T 2 - T 2 ) ...(4.15) 

4.1.5.6. Effects of variable specific heats on air standard efficiencies of Otto and 
Diesel cycles 

1. Otto cycle. The air standard efficiency of otto cycle is given by 

1 j 


X] = 1 - - f 

(r) 7 ” 1 

_R 

= 1 - (r)" c * 

R 

1 - n = (r) c ° 

Taking log on both sides, we get 

log (1 — T|) --log r 

c v 

Differentiating the above equation, we have 


("• 


dc v 


~ log, r dc„ I = R . log, r 

V C v J Oy 

The change in the efficiency with variation in specific heat is expressed as : 
dx\ _ 1 - Tl R dc v 


r\ 

1-71 


• log, r 


. (Y- 1). log, r . 


dc u 


...(4.16) 


7) 

d]\ & _ 

71 T\ 

The negative sign indicates the decrease in efficiency with increase in c y . 

The equation (4.16) gives the percentage variation in air standard efficiency of Otto cycle 
on account of percentage variation in c y . 

2. Diesel cycle. The air standard efficiency of the diesel cycle is expressed as : 


11 = 1 - 


(r) 7 ~ 


P T -1 


y(p -1) 


1-71 = 


(r) 7 ‘ 


P Y -1 


y(p-l) 
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Taking log on both sides, we get 

log e (1 - q) = - (y - 1) log, r + log, (p Y - 1) - log, y - log, (p - 1) 
Differentiating the above equation with respect bo y 

1 dr\ ^ + p T . log e p 1 


i-n 


dy 

dy 


P T -1 


= (l-q) 


log tr -.P 1 ,|o g t P + l 

0 T - 1 Y 


Multiplying the above equation by — 

T) 


But 


*1 

*1 


1-T1 

11 


dy 


. py . log. p i 

log, r- - - ssx. + — 


c p — = R 


,..(4.17) 


When R remains constant as the changes in c p and c v are considered with the same rate, 

i-i.* 

c v 

Differentiating the above equation 

R R 

dy =- — .dc p =- - 

c v c» 


dc v 

c„ 


= -(y-D 


dc„ 


dy = -(y- 1) —*- 

c u 

Inserting the value of dy from eqn. (4.18) into eqn. (4.17), we get 


il 


1-q 


(y-l) 


log,r 


P Y • tog g P . 1 
P Y -1 


+ — 
r 


dc„ 


...(4.18) 


..(4.19) 


The eqn: (4.19) gives the percentage variation in air standard efficiency of Diesel cycle on 
account of percentage variation in c v . / 

4,1.6. Effect of Variation of Specific Heats 

The specific heats of gases increase with increase 
of temperature. Since the difference between c snd c 
is constant, the value of y decreases as temper jture 
increases. \ 

• Refer Fig. 4.3. During the compression 
stroke, if the variation of specific heate is 
taken in account, the final temperature ahd 
pressure would be lower than if constant spe\ 
ciflc heats are used. With variable specific 
heat the point at the end of compression is 
slightly lower, 2' instead of 2. 

• At the end of combustion, the pressure and 
temperature will be lower, represented by 
3 instead of 3. It is because of the following 
reasons : 



Fig. 4.3. Effect of variation of specific heats. 


The temperature rise due to given heat release decreases asc p increases, and 
— The temperature at 2' is lower than 2. 
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• The reversible adiabatic expansion from 3' would be 3'-4", but the expansion taking 
variable specific heat into account is above 3'-4" and is represented by 3 -4. The porn 
will be below point 4 (the ideal expansion process starting from point 3 being along 3-4). 

Thus, it is seen that the effect of variation of specific heats is to lower temperatures 
and pressures at point 2 and 3 and hence to deliver less work than the corresponding 
cycle with constant specific heats. 

4.1.7. Dissociation 

• Dissociation (or chemical equilibrium loss) refers to disintegration of burnt gases 
at high temperature. It is a reversible process and increases with temperature. 

• During dissociation a considerable amount of heat is absorbed ; this heat will be liber¬ 
ated when the elements recombine as the temperature falls. Thus the general eff ect of 
dissociation is suppression of a part of the heat during the combustion Pf nod and lib¬ 
eration of it as expansion proceeds, a condition which is really identical with the effects 
produced by the change in specific heat. However, the effect of dissociation is much 
smaller than that of change of specific heat 

• The dissociation, in general , lowers the temperature and, consequently, the pressures 
at the beginning of the stroke, this causes a loss of power and efficiency. 

• The dissociation is mainly of C0 2 into CO and 0 2 ; 

2C0 + 0 2 ' 2C0 2 + heat 

The dissociation of C0 2 commences at about 1000’C and at 1500°C it amounts to 
1 per cent. 

There is very little dissociation of H 2 0 ; 

2H 2 + 0 2 2H 2 0 + heat 

• Dissociation is more severe in the chemically correct mixture. If the mixture is weaker 

it gives temperatures lower than those required for dissociation to take place while if 
it is richer, during combustion it will give out CO and 0 2 both of which suppress the 
dissociation of C0 2 . % 



Degree of richness -► 

Fig. 4.4. Effect of dissociation on temperature at different mixture strength. 
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the mixture supplied to an engine is enriched. This is due to the increasing losses owing to 
variable specific heats and dissociation as the engine temperatures are raised by enrichment 
towards the chemically correct ratio. If the enrichment continues beyond the chemically correct 
ratio it results in the supply of unusable excess fuel leading to rapid fall in the thermal efficiency. 
It would, therefore, appear that thermal efficiency would increase as the mixture is weakened. 
However, beyond a certain weakening the combustion becomes erratic which results in loss of 
efficiency. Thus the maximum, effidency lies-within the weak zone near chemically correct ratio. 
Fig. 4.6 shows a plot between mean-effective pressure (m.e.p.) vs. spedfic fuel consumption (s.f.c.) 
at constant speed and constant throttle 1 setting. 



Fig. 4.7. Effect of compression ratio and mixture strength on thermal efficiency. 

— It may be observed from Fig. 4.7 that the curve for 90% of the theoretical fuel is 
higher than that for 100% theoretical fuel, and with still higher percentage of fuel, 
the thermal efficiency drops. It also shows that maximum efficiency is obtained 
with leaner mixtures. 

• Fig. 4.8 very clearly depicts the effect of mixture strength on thermal efficiency for 
various compression ratios (r). 

— It shows that (I) at a particular compression ratio, for the fuel-air cycle is 
higher for lean mixtures and falls constantly as the mixture becomes rich, till 
chemically correct fuel-air ratios are reached, and further falls more rapidly with 
the further enriching of the fuel beyond chemically correct mixture ratio. 
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Relative fuel-air-ratio, F R 


I?* 6 ^th. (i) is increased with increase in compression ratio at a fixed fuel-air ratio 
e«eeTfo) ^ “ 6 * 2 “ ^ practice the va)ue of ' « Si engine hardly 

As shown in Fig. 4.9, when a graph is plotted for F/A ratio (F_) against ratio of fuel-air 
obtain^ therma ‘ 6ffiCienCy 10 StaDdard efficienc y> ®ost revealing result is 




1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 


-— 



1 l l— 

'v v ■■ 

X; 



P* = P,= 1-013 “ 




289 K — 
IX 1 


“ 

N 

+ - 



\ 

- Or = 6 — 

L_ Or = 8 




\fi,Ar = ip 






0.4 0.8 1.2 1.6 

Relative fuel-air ratio, F R 


2.0 2.4 




Fig. 4.9 

fndLm n0tin f ^ at f0r 3 particular va,ue of the ratio of fuel-air cycle 

loecificte a t erm H a 6 ^ ClenCy “ d ak Standard efficienc y there is "o variation of 
specific heat and no dissociation and therefore when F g = 1, the maximum tem- 

smTtoTh r6aC / h ' BU r b*, fUel <lir *** C ° nCept thB maxlmum temperature is 
shifted to richer values of relative fuel-air ratios. 
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In view of the above, the air standard cycle concept for predicting the performance of S.I 
engines is misleading, whereas the fuel-air cycle concept seems to be very reliable. 


2. Fuel-air ratio : 

(£) Efficiency 

• It has been experimentally evaluated 
that the tj^ (I) is highest at lean fuel- 
air mixtures of the order of F R = 0.85 
(As the mixture is made lean, due to 
less energy input the temperature rise 
during the combustion will be less 
which results in lower specific heat and 
eventually lower chemical equilib¬ 
rium losses. This results in higher ef¬ 
ficiency and as the fuel-air ratio is 
reduced, it approaches the air-cycle 
efficiency as illustrated in Fig. 4.10). 

• As shown in Fig. 4.10, in the range of 
the mixture ratios of operation, for S.I. 
engines, usually F R = 0.6 to 1.4, the 
fuel-air cycle very closely resembles the 
actual curve (experimental). The air-si 
enced by the fuel-air ratio. 



Relative fuel-air ratio, F R —r> 

Fig. 4.10. Effect of mixture strength of at a 
given compression ratio. 

mdard cycle concept miserably fails, not influ- 


(ii) Maximum power: 

Fig. 4.11 shows the effect of mixture 
strength on cycle power. 

• According to air-standard theory 
maximum power is at chemically 
correct mixture whereas by fuel- 
air theory maximum power is ob¬ 
tained when the mixture is about 
10 per cent rich. The efficiency 
drops rapidly as the mixture be¬ 
comes enriched ; this is due to 
the following reasons : 

— Losses due to higher specific 
heats ; 

— Chemical equilibrium losses ; 
— Insufficient air which will 
result in formation of CO 
and H 2 in combustion, rep¬ 
resenting direct fuel wast¬ 
age. 



Fig. 4.11. Effect of mixture strength on cycle power. 


(iii) Maximum temperature : 

Fig. 4.12 shows the effect of F R on maximum cycle temperature T 3 (K) at different compres¬ 
sion ratios. ' 

— The maximum temperature at a given compression ratio is reached when the mixture 
is slightly rich, 6% or so as shown in Fig. 4.12. 
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Fig. 4.12. Effect of F, on maximum cycl. temperature T, (K) at different compression ratios. 

In case of a chemically correct ratio tbprp cfiii ^ 

because of chemical equilibrium effect and henrp r h • 3 ? geu P . 1 jf S€nt at point 3 
combine with oxygen at point ? rnf«7„^b ! nCh nUXture Wl11 «*“*> “ore fuel to 

tures more fonS of CO overeom^tfe ^ T*™’ at richer mix ' 

reduces T a . overcomes the effect of more combustion and eventually 

(iv) Maximum pressure : 

4 ' 3 • l "’ “* •** •"* “ *>* PT«.»„ „ (W) different 


110 



Fr-—► 


Fig. 4.13. Effect of F R 


on maximum cycle pressure*, (bar) at different compression ratios. 
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— It follows more or less the same pattern as the maximum temperature versus F R . But 
the maximum occurs at slightly higher value of relative fuel-air ratios as compared to 
that of temperature . This is owing to molecular expansion. There is increase of the 
mole of products after combustion. 

(t>) Exhaust temperature : 

^ Fig* 4.14 shows effect of F R on cycle exhaust gas temperature, T 4 . The exhaust gas tempera- 

| tare is maximum at the chemically correct mixture. 



Fig. 4.14. Effect of F R on T 4 . 

• The variation in exhaust temperatures at a fixed value of F R shows that it decreases 
with increase in compression ratios. This is due to the fact that increased expansion 
ratio causes the gases to do more work on the piston leaving less heat rejection at the 
end of the stroke. 

• The results are similar, for variation of compression ratio, for the air-standard cycle as 
well. 

{vi) Mean effective pressure : 

Fig. 4.15 shows the effect of F R on m.e.p. 

• m.e.p. increases with compression ratio as efficiency increases. 

• It follows closely the maximum pressure curve, but the m.e.p. occurs at slightly less 
richer mixture ratios as compared to that for pressure. 
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Fig. 4.15. Effect of F g on m.e.p. 

4.1.10. Characteristics of Constant Volume Fuel-Air Cycle 

The constant volume fuel-air cycle entails the following characteristics : 

1. The variables other than compression ratio and fuel-air ratio have little effect on the 
efficiency. 

2 The efficiency decreases as F/A ratio increases, when the latter (F/A ratio) is variable. 

3. When F R is above 1.1 approximately, expansion temperature decreases with increasing 
F/A ratio, but the combustion is incomplete because mixture is rich and the net result 
is decrease in efficiency with increasing F R . 

4.1.11. Combustion Charts 

• The thermodynamic charts embodying characteristics of cylinder gases are employed 
for computing fuel-air cycles, avoiding laborious calculations. 

• There are separate charts for fuel-air mixture and for products of combustion. The 
products of combustion charts are for different fuel-air ratio (say F R = 0.8 to 1.2) 
and are used for calculationjrfpressure, temperature,, volume and energy at various 
points in the cycle after burning^tas taken place . 

• The chart for unburned mixture iKemployed for calculation of pressure, tempera¬ 
ture, and energy of the cylinder contentkbefore burning takes places. 

4.1.12. Gas Tables 

The problems involving variable specific heats din be solved by the following methods : 

1. By integration of specific heat equation. Thisimethod is tedious and time consuming. 
By enthalpy-entropy charts. The rajgor shortcoming of this method is large enough 
charts which can yield fairly accurate results are not available. 

By gas tables. (Gas tables f&r air are given in Appendix) 

The gas tables which take into consideration the variation of specific heat with tem¬ 
perature, give the enthalpy, internal energy and energy function and have been com¬ 
puted and compiled for many gases and mixture of gases, including air. These tables 


2. 


3. 


T 
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are constructed assuming enthalpy and internal energy to be zero at absolute zero 
temperature and integrating zero pressure specific heat equations from 0(K) to the 
given temperature T (K). 

— The most important assumption is the validity of the equation pv = RT, where p,v y R 
and T denote pressure, specific volume, the characteristic gas constant and the abso¬ 
lute thermodynamic temperature respectively. This is true when the gas has a critical 
temperature very low as compared to the range of temperature met with in engineer¬ 
ing applications. For air at 0°C and 20 bar the deviation is only 1 per cent; and at 0°C 
and 1 bar, the deviation is 0.1 per cent. 

_ The enthalpy and internal energy are function of temperature and, therefore, their 

values can be computed with single variable property, Le., temperature . - 
Thus enthalpy h and internal energy u at any temperature T (K), are given by : 

h.f 

Jo 


c p dT 




dT 


The entropy change involves both variables namely pressure and temperature. 

In gas tables, h , p r , u , v r and <j> are recorded for different values of temperature T (K). 


Relative pressure, p r : 

T ds = dk - v dp - c p dT ~ v dp 

For isentropic process, ds = 0, we get 

0 = c p dT-v dp or v dp - c p dT 
Dividing by pv = RT, we get 
v dp 


...(4.20) 


,dT 


pv RT 


dp _ c_p dT 
p~ R' T 


-fen* 


dT * , . 

V^T = ln( Pr) 


...(4.21) 


where T 0 is selected as a base temperature. It is seen that ratio is a function of temperature 

only, and is independent of the value of entropy. 

— From eqn. (4.21) p r can be calculated in terms of temperature. 

On an isentropic path, for two states 1 and 2, we have 

Ex = El 1 ! 0 - - EX ...( 4 . 22 ) 

Pr■, Pi^Po P2 

Thus, the ratio of relative pressure for two states having the same entropy is equal to the 
ratio of the absolute pressures for the same two states ; p 0 is chosen as unity for computed values. 

Relative volume, v r : 

T ds = du + pdv ...(4.23) 

For an isentropic process, we have 

0 = du + pdv 

or pdv - - du = - cjdT 


H 
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Dividing by pv = RT, we get 
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pdv CydT 

pv RT 


V r (designated as relative volume) is a function of temperature only. 
Alternatively, 


RT 

Pr 


Thus for any two states on the isentropic. 


°2 


Entropy function, $ : 


...(4.24) 


...(4.25) 


...(4.26) 


Tds = c p dT - v dp 
ds= 

T T 


and = £ 


if a. ^ w> 


Jr 0 p ‘ T 
~ $ -R \n (p) 


C T dT 

SS k C ->-T~R\n 


(P) 


where 


r T dT 
c n 


4>= f ^ 

k p T 

^ is, therefore, a function of temperature 'only. 


s 2 - s i = C<t > 2 - ♦,) - R In \&- 
VPi 


= ^2 “ 4>i - R In 


p* 

{Pr, 


...(4.27) 

...(4,28) 

...[4.29 (a)] 
...[4.29 (6)] 


Gas 

Molecular weight 

Oxygen 

32.00 

Nitrogen 

28.016 

Argon 

39.95 


i of air : 


Percentage by volume 


20.99 

78.03 

0.98 


respectively. 


; out to be 28.970 and 0.287 kj/kg K 
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The enthalpy, relative pressure, and $ of air are computed by combining the corresponding 
? values of the three constituents of air according to the law 

h = Zx x h x ...(4.30) 

4>=Lx 1 (j> 1 ...(4.31) 

In (p r ) ='Lx x \n (p ri ) ...(4.32) 

where x x denotes the mol. fraction of gas 1 and the summation is carried over all constituent gases. 
The internal energy is calculated by using the following formula : ^ 

h-u+pv = u+ RT 

or u = h-RT = h-Q.2&7T 

4.2. ACTUAL CYCLES 

4.2.1. Introduction 

In actual engine operation the following losses occur, due to which actual cycle efficiency is 
much lower than the air standard efficiency : 

1. Dissociation losses 

2. Losses due to variation of specific heats with temperature 

3. Time losses 

4. Losses due to incomplete combustion 

5. Direct heat losses 

6. Exhaust blowdown losses 

7. Pumping losses. 

• If losses due to variable specific heats and dissociation are subtracted from the air 
standard cycle", we get * fuel-air cycle analysis" 

• Furthermore, if other losses are further subtracted from *fuel-air cycle analysis we 
can very closely approximate the *actual cycle". 



4.2.2. Causes of Deviation of Actual Cycles from Fuel-Air Cycles 

Important causes of deviation of actual cycles from fuel-air cycles are : 

1. The progressive combustion rather than the instantaneous combustion. 

2. The heat transfer to and from the working medium during compression and expansion. 

3. Loss of work on the expansion stroke due to early opening of the exhaust valve, and 
exhaust blow down. 

4. Gas leakage, fluid friction etc. 


4.2.3. Real Fuel-Air Engine Cycles 

The actual cycle which an I.C. engine experiences is not a thermodynamic cycle, in a true 
sense. An ideal air-standard thermodynamic cycle occurs on a closed system of constant compo¬ 
sition. This is not what actually happens in an I.C. engine, and for this reason air-standard 
analysis gives, at best, only approximation to actual conditions and outputs. 

Msgor differences are listed below : 

1. Real engines operate on an open cycle with changing composition. Not only does the inlet 
gas composition differ from what exits, but often the mass flow rate is not the same. 

— During combustion, total mass remains about the same but molar quantity changes. 

— There is a loss of mass during the cycle due to crevice flow and blowby past the pis¬ 
tons. Most of the crevice flow is temporary loss of mass from the cylinder, but because 
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^ d “*"« 

compression and combustion. Cylmders by aS much 88 1% d ^S 

T ,, sss s z z? r ^ • 

fuel, either gaseous or as liquid droplets or both * & ‘ ^** ^ ^ “ P “’** 7% 

~ £ "t* ” re *■ 

pressures of inlet and exhaust air can armfnt cww< ®' 1 * s P eci f lc heats. At the low 
higher pressures during combustion air 77 ^ tr * ated as an ideal gas, but at the 

serious error is introduced bv * • * < ^ eviate from ideal gas behaviour . A more 

rifle heats of a^ashav^ &TZS dTT ***** ^ the Spe- 

much as 30% in the temperature ran^fofan^ine <"* can vary as 

analysis. U " ng ^ ^ ° f '“ ^ ^ there ^ ^eat .osses which are neglected in air-standard 
what is predicted. The'a^^l'Mwerstrok^'th ? temperature and pressure from 

_ o^ut dunng iairca- therefore ’ 8tarts at a w *—% ^ 

”re^^^^^ T2* ,0Were the “ d F~- 

Of heat transfer is a owerTdi^ ,h end *• power stroke. The result 

analysis. md,Cated thennal effiden <* than predicted by air standard 

temperatures at this time. ^ 6 ex P ansion stroke due to the lower 

OUS at T.D°c mbUSti0n reqUireS a Sh0rt but finite time to occur, and heat addition is not instantane- 

respectfrely. 60811,68 eeneral, y have combustion efficiencies of about 95% and 98% 

occur a 5 t ^s^ZneZ™ “ d a cycle time, and does not 

open 40“ to 60“ before B.D.C., and outat work 81^1 Jt° r ^ 7“°“’ the exhau8t valve must 

intake stroke. Becaus^rftte^o^tST’of t^ ^ “*? ® D ?’ at end »f the 
B.D.C., and volumetric efficiency would be lnwe f V ° 7®’ air 18 3tl11 entering the cylinder at 
ever, actual compression does not starttt B DC but^i ™7 '\? loSe ? bere ‘ Because of this, how- 
then occuring before T.D.C., XX™«j mlet viUveclosesT^ithignition 
dieted by air-standard cycles. P SUr6 ° Se ^ efore combustion is less than pre- 

7. Engine valves require a finite time to actuate. 

4 ' 2 4 ' Differen c e between Heal Cycle and Fuel-Air dycle ' 

•™“ s £ “* “*■ 

1. Xime losses (Including combustion loss) 

2. Direct heat loss 

3. Exhaust blowdown loss 

4. Pumping loss 

5. Rubbing friction loss. 
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1. Time losses : 

Time losses may be burning time loss and spark timings loss. 

(a) Burning time loss 

The burning time loss or merely time loss is defined as the loss of power due to time 
required for mixing the fuel with air and for complete combustion. 

• In theoretical cycles the burning is assumed to be instantaneous„ whereas in actual 
cycles the burning process is completed in a finite interval of time . The time required 
depends upon : 

CO Fuel-air ratio ; 

(n) Fuel chemical structure and its ignition temperature ; 

{Hi) The flame velocity and the distance from the ignition point to the opposite side of the 
combustion chamber. 

• The time required for combustion is such that under all circumstances some increase 
in volume takes place. The time interval between the passage of spark and completion 
of flame travel across the charge is approximately 40° crank rotation. 

Fig. 4.16 shows the losses between real cycle and its equivalent fuel-air cycle. 



1 2 3 4 5 6 7 

Compression ratio -► 


Fig. 4.16. The effect of time losses onp-u diagram. 

— The effect of finite time being required for combustion is that the maximum pres¬ 
sure is not produced when the volume is minimum, as is expected. It is produced 
sometime after T.D.C. The pressure therefore rises in the first part of the working 
stroke from b to c, as shown in Fig. 4.16. The point 3 represents the maximum 
pressure had the combustion been instantaneous. 

• — The difference in area of actual cycle and fuel-air cycle shows the loss of power (the 
hatched-area). 


aiBE 


: t; 

:j! 

in 
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(6) Spark timing loss 

fuel. MSS *• *"■<■« « 

xr™ ,,rok *- ™‘ —“4S'*^7££r5S: 

•SSS£~=-S-S“= 

obtained is not optimum. S may ^ again work 

efficiency a* W.*"° CaS6S ’ ^ W ° rk «* is less - “ d - before, po.er deeped per cycle and 

best. ThUS f ° r * e “‘' n * ^ mUm “ w * - *«*"»*• advance a/ 75« io 25" fa Me 

Incomplete combustion losses 

~ l0SS - K is not P"— 

are pLent in the e„S c y H nd f -sidual gases 

oxygen in one part and excess fuel in . c ignition. There may be excess 

plete combustion takes places in the real Gr f part of j he cylinder. Therefore, incom- 
appear in the exhatt fasT ******* fud ’ ° nd C0 and °» *>°* *» 

” of ^nergy 

_ ratio. In actual engine, energy re,ease is aboutSoM 

«*> waste, while a rich 

amount of oxygen is not available Thp ft 6 j 6 1S definite1 ^ wasted as adequate 
*«-» “ w ‘ “ w —— 

2. Direct heat loss ; 

water jacket or cS fins A oart of h t Cyl J nder L walIs “» d «3*wUr head into the 
cylinder wall through the piston rines and ers . l j e pistoD head and flows to the 
splashes underside ff the piston * “ d 18 Camed 3Way by the **#»* oil which 

# Sft lost bStKS *? maximum effert > while 

small amount of useful work P Stroke has llttIe ^ct, since it can do very 

• During combustion and expansion about 1^% nf u , . . 

however much is lost too late in the j! ££££££ £SmS ^ ° f ** 
n case all heat loss is recovered, about 20 per cent of it may appear as useful work, 
o. Exhaust blowdown loss : 

openeriSSSSS ^ ^^ eXW ^ 58 

exhaust stroke. When the exhaust valve is onenerf tnn l ybnder pressure cost 'ng part of the 
lost. Thus, best compromise is that exhaust valve be opened” 40» Str ° ke '* 

reducing the cylinder pressure to halfway to atmosphere before the start £?£!£££*’ 
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4. Pumping losses : 

• The pumping loss is due to pumping gas from, low inlet pressure to higher exhaust 
pressure, 

• The pumping loss increases at part throttle because throttling causes reduction in 
suction pressure. 

• Pumping loss increases with increase in speed . 

5. Rubbing friction loss : ^ 

The rubbing friction losses are caused due to : 

(i) Friction between pistion and cylinder walls ; 

(it) Friction in various bearings ; / 

(mi) Friction in auxiliary equipment such as pumps and fans. 

— The piston friction increases rapidly with engine speed and to small extent by in¬ 
creases in m.e.p. 

— The bearing_arui-aTixiliary friction also increase with engine speed. 

The engine efficiency is maximum at full load and reduces with the decrease in load. It is 
due to the fact that direct heat loss, pumping loss and rubbing friction loss increase at lower loads. 

4.2.5. Comparison of Operations and Working Media for ‘Air cycle*, Tuel-air Cycle* 
and ‘Actual Cycle* of S.I. Engines 

1. Air cycle : 

• The working medium is air throughout the cycle. It is assumed to be an ideal gas with 
constant properties. 

• The working medium does not leave the system, and performs cyclic processes. 

• There are not inlet and exhaust strokes. 

• The compression and expansion processes are isentropic. 

• The heat addition and rejection are instantaneous at T.D.C. and B.D.C. respectively, at 
constant volume. 

2. Fuel-air cycle : 

• The cylinder gases contain fuel, air, water vapour and residual gases. 

• The fuel-air ratio changes during the operation of the engine which changes the relative 
amounts of C0 2 , water vapour etc. 

• The variations in the values of specific heat and y with temperature, the effects of 
dissociation, and the variations in the number of molecules before and after combustion 
are considered. 

Besides taking the above factors into consideration, the following assumptions are conv 
monly made for the operation : 

(i) No chemical change prior to combustion. 

( U ) Charge is always in equilibrium after combustion. 

(«£) Compression and expansion processes are frictionless, adiabatic. 

(£u) Fuel completely vaporised and mixed with air. 

(u) Burning takes place instantaneously, at constant volume, at T.D.C. 

The fuel air cycle gives a very good estimate of the actual engine with regards to efficiency , 
power output, peak pressure, exhaust temperature etc. 


Visit: www.Civildatas.com 























Visit: www.Civildatas.com 

186 


INTERNAL COMBUSTION ENGINES 


3. Actual cycle : 

• The working substance is a mixture of air and fuel vapour, with the products of 

combustion left from the previous cycle. products ol 

• The working substance undergoes change in the chemical composition 

• pl “ "" *• 

• The combustion is progressive rather than instantaneous. 

• Heat transfer to and from the working medium to the cylinder walls take place 

• f a X ke a pl S ace l0Wd ° Wn 108863 U l0SS ° f W ° rk dUe t0 6arly 0pening ° f the exhaust valves 

• Gas leakage and fluid friction are present. 


WORKED EXAMPLES 


of the ^temperature t Change in entr °P> « 1 k * °f « terms 

= constant and the specific hJsZfof V ** ° f com P ressi ™ « P”" 

C p = a +KT 
c v -b + KT. 

Solution. We know that, dQ = du + dW 

= c v dT + pdv 

Dividing both sides by T. — = c — + 

7 1 V ' f rp 

or , dT P 

* = e . jT + y . du 

JiTl 

Inserting the value of c u , cfs = 6 — + KdT ~ dv 

Also « pv = RT 

pdv + urfp = RdT 

and pv n - C 

p . n(v) n ~ l . dv + v n . dp = 0 

nprfu = — ydp 

From (ii) and (iii), we get 

pdv - npdv = RdT 


:.H) 

Mi) 

...(iii) 


Integrating, we get 
Substituting, 



R 1 dT 

(n-l)J T 


+ KdT 


, a - b ] . To 

= [ b - y—yy log « yf + k < t 2 - T i>- (Ans.) 
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Example 4.2. Determine the effect of percentage change in the efficiency of Otto cycle 
having a compression ratio of 8, if the specific heat at constant volume increases by 1.1 percent. 

Solution. Given : Compression ratio, r = 8 ; 

dc 

Increase in specific heat at constant volume, —- = 1.1% 

c p 

Percentage change in Otto cycle efficiency, — : 

The Otto cycle efficiency (t|) is given by : 

1 


Now, 


n = i- 


--R, 


(rf~ 


, R 
Y-l* ~ 


ri = 1 — (rH»- 11 = 1 - (r) _fi/c " 
(l-n)= (rr R/c «- 


In (1 — rj) = - — In (r) 

c„ 


Differentiating both sides, we have 


1 R 

—- . dri = — In (r) x dc v 

IT] C v 

(1 - Tj)I? In (r) 

«n ■ - ——2- <*c 0 


Now 




dr\ 

*n 


(1 - Tj)(y - 1) In (r) dx^ 


n- i- 


(8) 1 


= 0.565 


dr\ (1- 0.565)0.4 - 1) In (8) 1.1 

T] ~ 0.565 X 100 

ss - 0.704% (decreased). (Ans.) 

Example 4.3. Find the percentage change in efficiency of an Otto cycle for a compression 
ratio of 7 to 1 if the specific heat at constant volume increases by 3%. 

Solution. The change in efficiency with variation in specific heat is given by : 


dr\ 1-n / -v, 

— -L (y 1) log r — 

T] c v 


.M) 


Also, 


0 = 1 - 


(r?~ 


1- 


(7) L 


= 0.541 or 54.1% 
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Inserting this value in the equation (i), we get 

d]} _ f 1-0.541V' _ 

t| v 0.541 J (1 ' 4 “ 1 og * 7 x 0 


INTERNAL COMBUSTION ENGINES 


,03 


= - 0.0198 or -1.98%. (Ans.) 

Negative sign indicates decrease in efficiency. 

Example 4.4. The following particulars relate to a Diesel cycle • 

k j/ hcr f°y reS f n r f° = 18 ‘ CUt '° ff= 5% °f *‘roke. mean specific heat c for cycle = 0 71 
kJlkg K, characteristic gas constant = 0.285 kJ/kg K v ^ U ' 

Solution. Compression ratio, r = 18 

Cut ’ off =5% of stroke 

Mean specific heat for cycle, c v = 0,71 kJ/kg K 

Characteristic gas constant, R = 0.285 kJ/kg K 

Increase in c„ = 2 %. 

Change in air-standard efficiency : 

*. In'S." JEST“• * I—W V.H.- ’ 




log, r - 


P T lo Se P 1 
p r -l Y 


dc v 


...(*) 

[Article 4.1.5.6, Eqn. (4,19)] 


Now, 

% CUtrOff . 

p= 100 (r - 

1)+1 = 

5 

' 100 

(18 - 1) + 1 = 

1.85 

and 

Y -i+£.i+“». 

1.4 





0.71 




Also, 

dc v 2 





P 

0 

0 





Efficiency 

of Diesel cycle is given by 






rj - 1- 1 - 

’p T -l' 

_ 1 _ 

1 

(1.85) 14 - l' 


Y-(r) T ~ l 

p-i 


1.4 (18) 1 - 4 ' 1 

1.85 - 1 


= 1-0.2248 (i2j5) = 0.6387 or 63.87% 


Now substituting the values of t| and other quantities in the eqn. «), we get 

*1 __ (1-0.6387) 

0 


0.6387 

- — 0.5657 x 0.4 


x (1.4-1) 


ln gg a.I MS) 14 log e 1.85 ± 
(1.85) 14 -! 1.4 


2 

100 


2.89 -±**5 + 0.714 
1.366 


2 

100 
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= - 0.226 (2.89 - 1.065 + 0.714) x - ='- 0.01147 = - 1.147% 

100 

Negative sign means decrease. 

Hence percentage decrease in efficiency » 1.147%. (Ans.) 

Example 4.5. The following data relate to a petrol engine : 

Compression ratio =7 >, 

Calorific value of fuel used = 44 MJf kg 
The air-fuel ratio \ = 15 : 1 

The temperature and pressure of the charge at the end of stroke = 65°C , 1 bar 
Index of compression = 1.33 

The specific heat at constant volume, (cj -0.71 + 20 x lCt 5 T kJfkg K, when T is in K. 
Determine the maximum pressuTiTlrrtkecylinder. Compare this value with that of con¬ 
stant specific heat c v = 0.71 kJfkg K. 

Solution. Given : r = 7 ; C = 44 x 10 3 kJ/kg ; AXE ratio = 15 : 1 ; 7\ = 65 + 273 = 338 K ; 

p t = 1 bar ; n m 1.34, = 0.71 ^20 x 10 -6 T kJ/kg K. 

Refer Fig. 4.17. pf\ 

Maximum pressure in the cylinder, p 3 
Consider compression process 1-2 : 


PEi = P 2 V 2 

P! = Pl |j" = lx( 7 )« 


Now, 


EE1. 

Ti 


-- 13.3 bar 
P 2 P 2 

t 2 

_ T ( P2V2 


t 2 = t, 


\P1 V 1 


1.34 

pv = C 



V 

-H 


:338 


( 13.3 I"! 

X 7 j = 


642.2 K 


Fig. 4.17 


(r 3 + ^ 

Average temperature during combustion of charge = I —— 
Mean specific heat of product during combustion, 
c„ mean = 0.71 + 20 x 10 -5 — 


Assume 1 kg of air in the cylinder. 

44 x 10 3 

Heat added per kg of charge = - = 2750 kJ/kg of air. 

16 

Q = mass of charge x c u x (T 3 - T 2 ) 
_ 5 f T 3 +642.2 
2 


2750 = 1x 


0.71 + 20 x 10 _ 
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or 

or 


2750 = 0.71 ( T 3 - 642.2) + 10 x 1(H (T, + 642.2)(T 3 - 642.2) 
2750 = 0.71 T } - 456 + lCM (T 2 - 412421) 

(2750 + 456) = 0.71 T 3 + 10 -*T 3 2 - 41.24 
10“* T 3 2 + 0.71 T a = 3247.24 
T 3 2 + 7100 T 3 - 3.247 x 10 7 = 0 

T _ - 7100 ± -/7100 2 + 4 x 3.247 x 10 7 

3 '-- 


-7100 ±13427 


= 3163.5 K 


Consider constant volume process 2-3. 

£2 = P3 
T 2 T 3 

p 3 

T 2 

For constant specific heat : 


3163.5 

" 13 3 x = 65-5 bar. (Ans.) 


2750 = 0.71 x (T 3 - 642.2) 

^3 = 4515.4 K 

p s = 13 3 x = 93.5 bar. (Ans.) 

calorific value 48000 kJ/kg The ° C °™ presston rat ‘° °f 10 uses a petroleum fuel of 

charge at the end ofsuctionare 57%IZiT “ "t \ temp ^e and pressure of til 
the cycle with mean index of compression as TvT * 1 fi. Dete ! 7rune the ma *'- ntum pressure in 
volume heat addition expressed as ^ ** ° f Specific hiat at constant 

If the , V 0 7117 + 21 * kJ ' ke K Where Ti3the mea * temperature, 
f value of c v remains constant at 0 7117 kjfke K and ni 
unaltered, how will the maximum pressure be affected? compression index is 

Solution. Compression ratio, r = 10 J 
Calorific value of petroleum fuel = 4800CfkJ/kg 
Air-fuel ratio - 15 • 1 

Temperature at the end of suction, T, = 57 + 273 = 330 K 
, Pressure at the end of suction, p, = 1 bar 

Mean index of compression, n = 1 36 


We have x 


Also, 


P* 


Pi V i L36 = P 2 V™« 

•ri*r- 


1 X (10) 1 - 36 = 22.91 bar 


’ f , jjg-i 

4«fn.|* _ ( 22.91 ^~l36~ 

> l Pi) ~[ 1 J ~ 229 


Ti 

T, 

T 2 = 330 x 2.29 = 756 K 
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Mean specific heat during constant volume heat addition 
c <w„, = 0.7117 + 2.1 x 10- 4 


Pi*) 


Thus heat added at constant volume/kg of charge 
48000 

= — = 3000 kJ/kg of charge 


And 


3000 = 


0.7117 + 2.1 x 10“ 


_ 4 f 7^+756 j 


3000 = 0.7117 T, + 21 - 1 ° - T, 2 + 21 x 10 ~? — 756 T. - 0.7117 x 756 
3 2 3 2 


2.1 x 10 x 756 


2.1x10" 


x 756 x 756 


= 0.7117 T 3 + 0.000105 r 3 2 - 598 
= 0.000105 T 3 2 + 0.7117 T 3 - 598 
0.000105 r 3 2 + 0.7117 r 3 - 3598 = 0 


Solving for T 3 , 

Maximum pressure in the cycle , 


T 3370 

p 3 -p 2 x —f- ~ 22.91 x _ = 102.1 bar. (Ans.) 

r 2 


T 2 756 

When c y remains constant at 0.7117 kJ/kg K ; 

3000 = 0.7117 (T 3 - 756) 

3°00 + 75g _ 4971 K 


and 


3 _ 0.7ri7V 

4971 

- 2291 * = 150.6 bar. (Ans.) 


Example 4.7. Combustion in a diesel engine is assumed to begin at inner dead centre and 
to be at constant pressure. The air-fuel ratio is 27 : 1, the calorific value of the fuel is 43000 kJ / kg, 
and the specific heat of the products of combustion is given by : 

c o = 0,71 +20 x 10~ 6 T; R for the products = 0.287 kJIkg K. 

If the compression ratio is 15 : 1, and the temperature at the end of compression 870 K, 
find at what percentage of the stroke combustion is completed. 

Solution. Given : Air-fuel ratio = 27 : 1 

Calorific value of fuel, c = 43000 kJ/kg 

Specific heat of product of combustion : c y = 0.71 + 20 x 10 -5 T 
R for products = 0.287 kJ/kg K 

Compression ratio, r = 15 : 1 

Temperature at the end of compression, T 2 = 870 K 
Percentage of the stroke when combustion is completed : 

For 1 kg of fuel the charge is 28 kg and the heating value is 43000 kJ/kg 



: | ; l 


I: 
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or 

or 

or 


or 

or 


1535.7 = 0.997 T 3 - 867.4 + 10^ r 3 2 - 75.69 
10 ^ + 0.997 T 3 - 2478.8 
T 3 2 + 9970 T 3 - 2.4788 x 10 7 = 0 


= - 9970 ± /(9970) 2 + 4 x 2.4788 x 10 7 


_ - 9970 ± 14091 
2 

Now, for constant pressure process 2-3, we have 

v 2 _ ^3 


=2060 K 


r 3 

ii-T3,2060 
^2 870 

w 8 = 2 37 » 2 


= 2.37 


Combustion occupies = v \ = l- 37l fr _ Q og? 

u s 14 u 2 


or 9.78% Stroke. (Ans.) 

. v s ~ i>i — v c = i»i - t/ 2 
L - 15u 2 - i>2 = 14 u 2 

pressure at the beginn^ofTom^e^oTanSr'c^iTl C £ mbustion cycle f 2e te ^P^ature and 
» 14 : I- The heat supplied per kg If™is 1700 kJ ha, r COm P ression ratU > 

and half at constant pressure. Calculate : ' ^ f whlc h is supplied at constant volume 

(i) The maximum pressure in the cycle. 

00 The percentage of stroke at which cut-off occurs. 

Take : y for compression = 1.4 ; R - 0.287 kJ/kg K and 
c v f or P r oducts of combustion = 0.71 + 20 x 10~ 5 T 
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or 

or 

or 

or 

or 


Solution. Given : = 87 + 273 = 360 K ; p t = 1 bar ; r = 14 ; 

~ 1700 

^ 2-3 “ — 2 — = 850 kJ/kg of air ; Q 3 4 - 850 kJ/kg of air ; 

y for compression = 1.4 ; R = 0.287 kJ/kg K; c 0 = 0.71 + 20 x 10~ 5 T 
Consider compression process 1-2 : 




= 1 \ (0.71 + 20 x 10" 5 T) dT 

JTn 


850 - 


0.71 T +20x10“ 5 


rp£ 

^5 1 


850 = 0.71(T 3 - T 2 ) + 10 x 10~ 5 (T 3 2 -T 2 2 ) 
T s - 1034.6) + 10 -4 [T 3 : 


850 = 0.71 (T 3 - 1034.6) + 10^ [T 3 2 -(1034.6) 2 ] 


850 = 0.71 T 3 - 734.6 + 10" 4 T 3 2 • 
10- 4 r 3 2 + 0.71 T 3 - 1691.64 = 0 


107.04 


Tf + 7100 T 3 - 1691.64 x 10 4 = 0 

r _ - 7100 ± ^(7100) 2 +'4 x 1691.64 x 10 4 
3 2 
= - 7100 ± 10866.3 = 1883K 
2 

Further. ^ = ~ or p 3 = Mk = 4023 x 18 . 83 = 73 . 2 2 bar. (Ans.) 

T 2 T 3 3 T 2 1034.6 

Hi) Percentage of stroke at which cut-off occurs : 

c p = c v +R = 0.71 + 20 x 10" 5 T + 0.287 
= 0.997 + 20 x 10- 5 T 


>v 


Visit: www.Civildatas.i 

















































Visit: www.Civildatas.com 


v 


194 


INTERNAL COMBUSTION ENGINES 


Consider constant pressure process 3-4 

c T < 


Q 


3-4 




c p dT - 


rT 4 

= 1 (0.997 + 20 x 10" 5 T) dT 

n 

0.997 T + 20 x 10“ 


or 

or 


850'= 


= 0.997 (T 4 - T 3 ) + 10- 4 (T 4 2 - r 3 2 ) 

= 0.997 (T t - 1883) + 10“* (T t 2 - 1883 2 ) 

850 = 0.997 T 4 - 1877.35 + lO" 4 T 4 2 - 354.57 
10 -4 T 2 + o.997 _ 3082 = 0 

r 4 2 + 9970 T 4 - 3082 x 10 4 = 0 

99701 t/(9970) 2 + 4 x 3082 x 10 4 


t 4 = 


- 9970 +14922.5 
--- - = 2476 K 


Further, 


F3__ ^4 


or v A = v 9 x 


2476 

1883 " 1 ' 315 V 3 


Cut-off = —_-5- - 1,315 ^3 ~ Vz _ 0-315 

v l ~v 3 14v 3 -v 3 13 

= 0.0242 or 2.42% of stroke. (Ans.) 


— = = 14 ] 


^3 


(CJd workins on 0tto O'c/e has a compression ratio 8. It uses hexane 

I3%"irtf T Cal0rlfiC Value ° f44 MJ/k S- The air-fuel ratio of the mixture is 

and 1 bar respectively “if c" ’oTIS™ A *** 'F lXtUre at the be S innin g of compression is 70°C 
“ ° respectively. If c = 0.716 and compYession follows the law pv 1 ™ = C determine the 
maximum temperature and pressure kJ/kg K reached in the cycle : 

(i) Without considering the molecular contraction ; 

(ii) Considering molecular contraction. 

Solution. Given : r = 8, C = 44 MJ/kg ; A/F ratio =M3 : 8 ; 1, r, = 70 + 273 = 343 K ; 

Pi - 1 bar, c v = 0.716 kJ/kg K, Law of compression : py 1 - 35 = C 

Maximum temperature (T 3 ), maximum pressure (p 3 ) : 

(i) Without considering the molecular contraction : 

The stoichiometric equation can be written as, 

+ x ®2 = yCo 2 + o 

Equating atoms of the same element before and after combustion, we get 
y ~ 6, z = 7 and x = 9.5 
C 6 H i4 + 9 - 50 2 = 6C0 2 + 71^0 

Gravemetric air-fuel (A/F) ratio = ffl 5 x 32)( 100/23) 

12x6 + 1x14 ~ 5 *^ 7 
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The actual mixture strength (F/A ratio) ex¬ 
pressed in terms of the chemically correct value is 

15.37 _ 

— x 100 = 111.4% 

i.e. the mixture used is 11.4% rich in fuel The com¬ 
bustion is, therefore, incomplete and hence CO will be 
formed. 

1.114 C 6 H 14 + 9.50 2 = aC0 2 + 6CO + cH 2 0 

Equating atoms of the same element before and 
after combustion, we get 

1.114 x 6 = a + b ; 1.114 x 14 = 2c ; 

9.5x2 = 2a + b + c 



or a + b = 6.684 ; c = 7.798, 2a + 6 + c = 19 

Solving, we have : a ~ 4.52, b = 2.16, c ~ 7.8 

By adding nitrogen on both sides we get the actual combustion equation as given below : 
1.114 CgH 14 + 9.5 0 2 + 9.5 x (79/21) N 2 = 4.52 C0 2 + 2.16 CO + 7.8 H 2 0 + 9.5 x (79/21) N 2 
Moles before combustion = 1.114 + 9.5 + 35.74 = 46.354 say 46.35 
Moles after combustion = 4.52 + 2.16 + 7.8 + 35.74 = 50.22 


Molecular expansion - 
From compression process 1-2, we have : 


— 40,00 


46.35 


= 0.0835 or 8.35% 




Also 


~ = (8P 5 * 1 = 2.07 
Q 2-3 = C V ^Z “ Ty for 1 kg of mixture 
44 x 10 3 


14.8 

Ignoring molecular expansion, 


: 0.716 (T 3 - 710) or TV = 4862 K 


Pi" 1 _ PM 


0r P 3 = Pi x “ X “ = lx8x = 113.4 bar. (Ans.) 

v 3 li 343 

(ii) Considering molecular contraction s 

Since mass of the reactants and products is same and specific heats are assumed same, the 
temperature of the products with molecular expansion will remain same as without molecular 
expansion ; only the pressure will change 

pv - nRT, where n is the number of moles 
p n 


Pressure with molecular expansion = 113.4 x 


50.22 

46.35 


= 122.87 bar. (Ans.) 


i 

j 




v 



1 

I 
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Using gas tables determine the cycle work and efficiency. ' P IJ47 C 

Solution. Given : r = 7 ; T 2 = 442 + 273 = 715 K ; T t = 1337 + 273 = 1610 K 

From gas tables (Refer appendix), correspond- 
mg to T 2 = 715 K, we have 

„ 67.07 + 64.53 


c 66 8 

„ 520.23 + 528.14 „ 

u 2 =-^-= 524.2 kJ/kg 

From gas tables, corresponding to T. = 1610 K. 
we have 4 

„ 5.804 + 5.574 r _ 

---- ~ 5.69 


1298.30 +1316.96 


= 1307.63 kJ/kg 
Volume compression ratio = ^ _ 7 

\ = 7 x v r2 s 7 x 65.8 = 460.6 
From gas tables, corresponding to v Fi = 460.6, we have 

By interpolation : 7 1 = 340 _ ~ 330) 



u x = 235.61 + - 


(454.1-489.4) 
242.82-235.61 


x (454.1-460.6) ~ 338 K 

x (338 - 330) = 241.38 kJ/kg 


Also, we have 


*7 

5.69 


= 0.813 


(340-330) 

"3 ^ “ 

_ 

3 7 ‘ 7 

From gas tables, corresponding to = 0.813, we have 

r 3 = 28 °0 K and u 3 ~ 2462.5 kJ/kg 
= Heat added - Heat rejected 

= “ u 2> ~ ( u 4 “ Wj) 

= (2462.5 - 524.2) -(1307.63 - 241.38) =872.05 kJ/kg. (Ans.) 
Work done 872.05 


The work done 


Thermal efficiency, 


^ " Heat added (2462.5-524.2) 
- 0.45 or 45%. (Ans.) 
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HIGHLIGHTS 


!♦ The specific heat varies largely with temperature but not very significantly with pressure except at very 
‘high pressure. 

2. The specific heats of gases increase with rise in temperature since the vibrational energy of molecules 
increases with temperature. 

3. Change of internal energy (per kg) during a process with variable specific heats, ^ 

w 2 “ u i - c mn (T 2 - Tj) 

Change of enthalpy, h 2 - h x = c pn (T 2 -TX 

4. Heat transfer during a process with variable specific heats, 




M-(s) 


KT 


dW. 


5. In case of isentropjc with var jabkrgpecific heats 

p(vT /b . e * 776 - constant 

6 . Entropy change’ during a process with variable specific heats, 


, =0 log, - (« - 6) log, ^ j + K(T 2 - T,). 


7. Percentage variation in air standard efficiency on account of percentage variation in c u in case of: 


(i) Otto cycle: — = - -—^(y - 1) log r x 

H ■*! % 


(ii) Diesel cycle: ™ = - -—I^(y ~ 1 ) 


log e r 


P T . log e p 1 
P T -1 Y 


8. Dissociation refers to disintegration of burnt gases at high temperature. It is a reversible process and 
increases with temperature. 

9. Maximum efficiency is obtained with linear mixture. 

10. The exhaust gas temperature is maximum at the chemically correct mixture. 

11. If losses due to variable specific heats and dissociation are subtracted from the “air standard cycle”, we get 
“fuel-air cycle analysis”. If losses are further subtracted from “fuel-air cycle analysis” we can very closely 
approximate the “actual cycle”. 


OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say "Yes” or “No” : 

1. The value of c v of a real gas.with increase in temperature. 

2. The value of c p of a real gas with increase in temperature. 

3. The value ofc^.with increase in moisture content. 

4. The value ofy for air.with increase in moisture content in air. 

5. The value of y for a real gas.with increase in temperature. 

6. The change of internal energy during a process with variable specific heats is equal to c m ( T 2 - T y ). 

7. The change of enthalpy during a process with variable specific heats is equal toc^ m (T 2 - TJ. 

8. The theoretical cycle based on the actual properties of the cylinder gases is called fuel-air cycle approxima¬ 
tion. 
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9 ' ^ce° f tiStX -*£££* h6at 40 ‘ he tempCTatUre ° f 8 » f 

10. ...... refers to disintegration of burnt gases at high temperature. 

11. Dissociation is.process and increases with temperature. 

12 . The effect of dissociation is much.than that of change of specific heat. 

3. The dissociation of C0 2 commences at about 1000‘C and at 1500‘C it amounts to 5 percent 

14. Dissociation is.severe in the chemically correct mixture. 

15. The dissociation has a more pronounced effect in engines. 

16 effidtcy air Cyde 6ffiCienCy mcreases with compression ratio in the same manner as the air standard 

17. Maximum efficiency is obtained with.mixtures. 

18. The exhaust gas temperature is maximum with the chemically correct mixture. 

19. The mean effective pressure increases with compression ratio. 

20 . In S.I. engines the combustion is. 

21. In C.I. engines the combustion is heterogeneous. 

*■ ®mpletecom e bustion defined “ I<>SS ° f ^ to re ^ ired for mbdng the ** with air and for 


ANSWERS 


1 . increases 
6 . No 

11 . reversible 
la Yes 
21. Yes 


2 . increases 
7. Yes 
12 . smaller 
17. leaner 
22 . burning. 


3. mcreases 
a Yes 
la No 
1R Yes 


4. decreases 
a specific heat 
14. more 
la Yes 


5. decreases 
10 . Dissociation 
15. S.I. 

20 . homogeneous 


THEORETICAL QUESTIONS 


1 . the factors which should be taken into consideration while makingfuel-air cyde calculations. 

2 . Enlist the assumptions which are made for fuel-air cyde analysis. 7 

a State the importance of fuel-air cyde. / 

4. What are molar specific heats ? / 

5 ' treats . 6 expressi0ns f0r change of internal energy and enthalpy djAng a process with variable specific 

a Prove that in case of isen tropic expansion with variable spedficheats, 
p(v)° /b . e KT,b = constant. ^ 

7. Derive an expression for ‘entropy change’ during a process with variable specific heats. 

8 . Taking variation in sperific heat into account, derive the following expressions : 


For Otto cycle : ^ =|- i-Jlx (y -1) X log e rj 


<K 


For Diesel cycle : = - ——— (y - J) 

^ n 


10 + 
P Y ‘l 


1 * 1L 

y\ % * 


9. What is dissodation ? How does it affect power developed by the engine ? 

10 . Describe briefly the effect of dissociation on temperature at different mixture strength. 

11. Explain the phenomenon of dissociation. 

12 . Are dissociation effects equally pronounced in S.I. and C.I. engines ? Explain. 
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13. Explain clearly the effect of compression ratio and mixture strength on thermal efficiency. 

14. What is the effect of mixture strength on thermal effidency at a given compression ratio. 

15. What is the effect of mixture strength on cycle power ? 

16. State the effect of F K on maximum cycle temperature and pressure at different compression ratios. 

17. State the characteristics of constant volume fuel-air cycle. 

18. Discuss briefly “combustion charts” 

19. What are combustion charts ? Where these are used and why ? 

20. Write a short note on gas tables. 

21 . Discuss the effect of the following variables on pressure and temperature at salient points of Otto cycle on 
the basis of fuel-air cycle. 

(i) Compression ratio (») Fuel-air ratio. 

22. What is the difference between air cyde and fuel-air cycle ? What are the assumptions in fuel-air cycle ? 

23. What is the use of fuel-air cycle ? 

24. What is the difference between air standard cycles and fuel-air cycles. 

25. Make a comparative statement of operations and working media for air cycle, fuel-air cyde and actual cycle 
of S.I. engines. 

26. Explain why a S.I. engine fails to operate if the air-fuel ratio is more than 20 : 1 while a C.I. engine can 
operate on an air-fuel ratio of even 50 : 1. 

27. Explain how (i) time losses and (it) incomplete combustion losses are accounted for in the real-cycle 
analysis. 

28. “Air-fuel ratio in a S.I. engine varies from 8 to 16 approximately while such variation in a C.I. engine is from 
100 at no-load to 20 at full load”. Explain. 


UNSOLVED EXAMPLES 


1. Find the change in effidency of an Otto cycle for a compression ratio of 7, if the specific heat at constant 

volume increases by 1 percent. [Ans. - 0.663%] 

2. The following data relate to a petrol engine : 

Compression ratio = 6 

Calorific value of fuel used = 44000 kj/kg 
The air-fuel ratio =15:1 

The temperature and pressure of the charge at the end of the stroke = 60°C, 1 bar 
Index of compression =1.32 

The spedficheat at constant volume, c p = 0.71 + 20 x 10 -6 T kJ/kg K where Tis in if. 

Determine the maximum pressure in the cylinder. Compare this value with that of constant specific heat 
C 0 = 0.71 kJ/kg K. [Ans. 56.6 bar; 80.5 bar] 

3. The combustion in a diesel engine is assumed to begin at inner dead centre and to be at constant pressure. 
The air-fuel ratio is 28:1, the calorific value of the fuel is 42 MJ/kg, and the specific heat ofthe products of 
combustion is given by: 

C p = 0.71 + 20 x 10-5 Tfor the pro ducts = 0.287 kJ/kg K. 

If the compression ratio is 14 : 1, and the temperature at the end of compression is 800 K, find at what 
percentage of the stroke combustion is completed. [Ans. 10.96% stroke] 

4. In an oil engine working on dual combustion cycle the temperature and pressure at the beginning of 
compression are 90°C and 1 bar respectively. The compression ratio is 13:1. The heat supplied per kg of air 
is 1675 J, half of which is supplied at constant volume and half at constant pressure. Calculate: 

(i) The maximum pressure in the cycle ; 

(ii) The percentage of stroke at which cut-off occurs. 

Take : yfor compression = 1.4 ,R = 0.287 kJ/kgK and c p for products of combustion = 0.71 + 20 x 10 -6 T. 

[Ans. 66.2 bar; 2.64% of stroke] 
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5. An engine working on the Otto cycle, having compression ratio 7, uses hexane (CM ) as the fuel Th. 
calorific value of the fuel is 44 MJ/kg. The air-fuel ratio of the mixture is 13 67 ™ 

temperature and pressure reached in the cycle : * 1 Determme the maximum 

(0 without considering the molecular contraction; 

(«) considering molecular contraction. 

effiriency.°^ ex P anslon 18 1347 0. Hie compression ratio is 7.5. Using gas tables findthe^deworifand 

[Ans. 979.4 kj/kg; 47.6%] 
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Combustion in SJ. Engines 


5.1. Introduction—Definition of combustion—Ignition limits. 5.2. Combustion phenomenon— 
Normal combustion—Abnormal-combustion. 5.3. Effect of engine variables on ignition lag. 
5.4. Spark advance.nxfdfactors affectingigmtion timing. 5.5. Pre-ignition. 5.6. Detonation— 
Introduction—Process of detonation or khqcking—Theories of detonation—Effects of 
detonation—Factors affecting detonation/knock\>.7. Performance number (PN)..5.8. Highest 
useful compression ratio (HUCR). 5.9. Combustion chamber design—S.I. engines—Induction 
swirl—Squish and tumble—Quench area—Turbulence—Flame propagation—Swirl ratio— 
Surface-to-volume ratio—Stroke-to-bore ratio—Compression ratio (C.R.). 5.10. Some types of 
combustion chambers—Divided combustion chambers—Worked Examples—Highlights— 
Objective Type Questions—Theoretical Questions. 


5.1. INTRODUCTION 


5.1.1. Definition of Combustion 

Combustion may be defined as a relatively rapid chemical combination of hydrogen and 
carbon in the fuel with the oxygen in the air, resulting in liberation of energy in the form of heat. 
Following conditions are necessary for combustion to take place : 

1. A combustible mixture. 

2. Some means to initiate combustion. 

3. Stabilization and propagation of flame in the combustion chamber. 

In spark ignition (S.I.) engines, a carburettor generally supplies a combustible mixture and 
the electric spark from a spark plug initiates the combustion. 


5.1.2. Ignition Limits 

• It has been observed through experiments that ignition of charge is only possible within 
certain limits of fuel-air ratio. 

The ‘ignition limits' correspond approximately to those mixture ratios, at lean and rich 
ends of the scale, where the heat released by the spark is no longer sufficient to initiate 
combustion in the neighbouring unbumt mixture. 

• Fig. 5.1 shows the ignition limits for hydrocarbons. 


H 


Practical limit for 
carburetted engine 


h 


-frl Too rich 


Ignition limits for hydrocarbons 


Too lean M— 



Air-fuel ratio 


Fig. 5.1. Ignition limits for hydrocarbons. 
201 
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— The ignition limits are wider at increased temperatures because of higher rates of 
reaction and higher thermal diffusivity coefficients of the mixture. 

— The lower and upper limits of ignition of the mixture depend upon the temperature and 
mixture ratio. 

— In case of hydrocarbon fuel the stoichiometric fuel-air ratio is about 1 : 15 and the fuel- 
air ratio lies between about 1 : 30 and 1 : 7. 

5.2. COMBUSTION PHENOMENON 

5.2.1. Normal Combustion 

leavin^hinrf si °S 1 ' ; j ntens i ? 1 y ^ temperature spark passes across the electrodes, 

ofwf b h d i h ! n ] hread of flame - From 0,18 thi ” thread, combustion spreads to the envelope 
iL ^^ m 7 l T y ^ U1T ng U at a rate Which primarily upon the temperature of 

surro JZi^L 7 fa "f l a SeC ° n f ar y both the temperature and the density of the 

turbo envelope.^, the actual engine cylinder, the mixture is not at rest but is in highly 

turbulent condition. The turbulence breaks the filament of a flame into a ragged front, this 

spee7tdlp\ f ZrZls% area radiated • * 

• , Accordln e to Ricardo, the combustion process can be imagined as if developing in the follow- 

mg two stages : ~ 

0) The growth and development of a self-propagating nucleus of flame {ignition lag). This 
is a chemical process and depends upon the following : 

— The nature of fuel; 

— The temperature and pressure ; 

— The proportion of the exhaust gas ; 

— The temperature co-efficient.of the fuel i.e., the relationship between temperature 
and rate of acceleration of oxidation or burning. 

(**) s P rea d the flame throughout the combustion chamber. 

Fig. 5.2 shows the p -0 diagram of a petrol engine : 


P (bar) 



* 
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LNQM assumes compression curve having no ignition. 

• First stage of combustion, the ignition lag, starts from this point and no pressure rise 
is noticeable. 

• Q is the point where the pressure rise can be detected. From this point it deviates from 
the simple compression (motoring) curve. 

• The time lag between first igniting of fuel and the commencement of the main phase of 
combustion is called the period of incubation or is also known as ignition lag. The 
time is normally about 0.0015 seconds. The maximum pressure is reached at about 12° 
after top dead centre point. Although the point of maximum pressure marks the 
completion of flame travel, it does not mean that at this point the whole of the heat of 
fuel has been liberated, for even after the passage of the flame, some further chemical 
adjustments due to reassociation, etc., will continue to a greater or less degree throughout 
the expansion stroke. This is known as after burning. 

Effect of engine variables on flame propagation : 

1. Fuel-air ratio. When the mixture is made leaner or is enriched and still more, the 
velocity of flame diminishes. 

2. Compression ratio. The speed of combustion increases with increase of compression 
ratio. The increase in compression ratio results in increase in temperature which increases the 
tendency of the engine to detonate. 

3 . Intake temperature and pressure . Increase in intake temperature and pressure in¬ 
creases the flame speed. 

4. Engine load. As the load on the engine increases, the cycle pressures increase and 
hence the flame speed increases. 

5. Turbulence. The flame speed is very low in non-turbulent mixture. A turbulent motion 
of the mixture intensifies the processes of heat transfer and mixing of the burned and unburned 
portions in tjie, flame front. These two factors cause the velocity of turbulent flame to increase 
practically in proportion to the turbulent velocity. 

6 . Engine speed. The flame speed increases almost linearly with engine speed. The crank 
angle required for flame propagation, which is the main phase of combustion, will remain almost 
constant at all speeds. 

7. Engine size . The number of crank degrees required for flame travel will be about the 
same irrespectively engine size, provided the engines are similar. 

5.2.1.1. Factors affecting normal combustions in S.I. engines. 

The factors which affect normal combustion in S.I. engines are briefly discussed below : 

1. Induction pressure. As the pressure falls delay period increases and the ignition 
must be estrlier at low pressures. A vacuum control may be incorporated. 

2. Engine speed. As speed increases the constant time delay period needs more crank 
angle and ignition must be earlier. A centrifugal control may be employed. 

3. Ignition timing. If ignition is too early the peak pressure will occur too early and 
work transfer falls. If ignition is too late the peak pressure will be low and work trans¬ 
fer falls. Combustion may not be complete by the time the exhaust valve opens and the 
valve may bum. 

4. Mixture strength. Although the stoichiometric ratio should give the best results, the 
effect of dissociation shown in Fig. 5.3 is to make a slightly rich mixture necessary for 
maximum work transfer. 

5. Compression ratio. An increase in compression ratio jpcreases the maximum pres¬ 
sure and the work transfer. 
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between the hot-spot and spark plug is their respective instant of ignition Thus the 

snrfece g f P ^ 8 a “ d controlled moment of ignition whereas the heated 

surface forming the hot-spot builds upto the ignition temperature during each 
compression stroke and therefore the actual instant of ignition is unpredicabk 


Spark occurs 


Spark occurs 


Ignited by hot deposit 



..Combustion begins.... 




..Combustion begins .... 




. Regular ignition sport.. 



m 


..Ignites remaining tot. 
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• The early ignition created by pre-ignition extends the total time and the burnt gases 
remain in the cylinder and therefore increases the heat transfer on the chamber walls, 
as a result , the self-ignition temperature will occur earlier and earlier on each successive 
compression stroke . Consequently, the peak cylinder pressure (which normally occurs 
at its optimum position of 10°~15° after T.D.C.) will progressively advance its position 
to T.D.C. where the cylinder pressure and temperature will be maximised. 

— The accumulated effects of an extended combustion time and rising peak cylinder 
pressure and temperature cause the self-ignition temperature to creep further and 
further ahead of T.D.C., and with it, peak cylinder pressure, which will now take 
place before T.D.C. so that negative work will be done in compressing the com¬ 
bustion products (Fig. 5.5). 


■ '£ 

■ j 

A 


"m 



B.T.D.C. = Before top dead centre; 
A.T.D.C. = After top dead centre. 


Fig. 5.5. Cylinder pressure variation when pre-ignition occurs. 

Effects of pre-ignition : 

1. It increases the tendency of detonation in the engines. 

2. Pre-ignition is a serious type of abnormal combustion. It increases the heat transfer to 
the cylinder walls because high temperature gases remain in contact with the cylinder for a longer 
period. The load on the crankshaft during compression is abnormally high. This may cause crank 
failure. 

3. Pre-ignition in a single-cylinder engine will result in a steady reduction in speed and 
power output. 

4. The real undesirable effects of pre-ignition are when it occurs only in one or more 
cylinders in a multi-cylinder engine. Under these conditions, when the engine is driven hard, the 
unaffected cylinders will continue to develop their full power and speed, and so will drag the other 
piston or pistons, which are experiencing pre-ignition and are producing negative work, to and fro 
until eventually the increased heat generated makes the pre-igniting cylinders* pistons and rings 
sieze. 


Visit: www.Civildatas.com 

























































































































































viU t > www r CiviMaias rnm 


204 


internal combustion ENGINES 



Air-fuel ratio-► 

Fig. 5.3 

! HEr - • - 

• The induction period of the fuel will affect the delay period. 

achieved” * Va ' U6 *** ^ enthal Py of vaporisation will affect the temperatures 
5.2.2. Abnormal Combustion 

however obvious. mixtures comb ustion may be slow or may be mis-timed. These are 

There are two combustion abnormalities, which are less obvious : 

rZEZSXLirS'iZ Kt -£y“”? «*. 

a Tho Cfl/ , nn j i .. met of reducing the work transfer 

“n ?„*“? .» 

of the gas in the combustion chamber is heated W^'huT "^a ,hl ; ootorot portion 
temperature becomes greater than tht>\ if ■ ^ mbustl0n and radiation so thatfrs 

combustion is not completed before the end ffth°* ‘ em f. erature - If normal progressive 
explosion of the unburnt gas SJ'^ period then a simultaneous 

(pressure) wave which will be repeatedly refle ^accompanied by a detonation 

high frequency resonanTe S* V** WaIIs Settin * U P a 

excessive stress and also destroys the th i if n °!f e ' Tbe detonation wave causes 
causing overheating. 7 thermal bounda *T layer at the cylinder walls 

INote. Refer articles 5.5 and 5.6 for details of pre-ignition and detonation respectively.] 

5.3. EFFECT OF ENGINE VARIABLES ON IGNITION LAG 

phase of^ombustfonHs^t i^ri^d Tfin^ti^h^ ° f and the commencement of the main 

terms of crank angles is 10" to 20” and in terms of time! O^tlTseldorTo igniti ° D *“ 

e duration of ignition lag depends on the following factors : 

temperature (SJ.T.flffud, hngerdTignMon)^ ^^ ^ sel ^ nition 

»%Zm7m P e %*°'Twf mixte^af ^ ^ ** ^ M *• 

ratio. miXtUre ratl ° 13 °°™what richer than stoichiometric 
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3. Initial ^temperature and pressure. Ignition lag is reduced if the initial tempera¬ 
ture and pressure are increased (and these can be increased by increasing the compres¬ 
sion ratio).\ 

4. Turbulenc e. ignition lag is not much affected by the turbulence. 

5.4. SPARK ADVANCE AND FACTORS AFFECTING IGNITION TIMING 

Spark advance. In order to obtain maximum power from an engine, the coinpressed mix¬ 
ture must deliver its maximum pressure at a time when the piston is about to commence its 
outward stroke and is nearest to T.D.C. Since there is a time lag between the occurrence of spark 
and the burning of the mixture, the spark must take place before the piston reaches T.D.C. on its 
compression stroke, i.e., the spark timing is advanced. Usually the spark should occur at about 
15° before T.D.C. 

The correct instant for the introduction of spark is mainly determined by the "ignition 
lag”. The factors affecting the ignition timings are discussed below : 

1. Engine speed. Suppose an engine has an ignition advance of 0 degrees and operating 

0 

speed in n r.p.s. Then time available for initiation of combustion is rrr seconds. Now if the 

ooO/i 

engine speed is increased to 2 n r.p.s. then in order to have the same time available for combustion, 
an ignition advance for 20 degrees is required. Thus as the engine speed is increased, it will be 
necessary to advance the ignition progressively. 

2. Mixture strength. In general rich mixtures burn faster. Hence, if the engine is operat¬ 
ing with rich mixtures the optimum spark timings must be retarded, Le., the number of crank 
angle before T.D.C. at the time of ignition is decreased and the spark occurs closer to T.D.C. 

3. Part-load operation. Part-load operation of a spark-ignition engine is affected by throt¬ 
tling the incoming charge. Due to throttling a small amount of charge enters the cylinder, and the 
dilution due to residual gases is also greater. In order to overcome the problem of exhaust gas 
dilution and the low charge density, at part-load operation the spark advance must be increased . 

4. Type of fuel. Ignition delay will depend upon the type of fuel used in the engine. For 
maximum power and economy a slow burning fuel needs a higher spark advance than a fast 
burning fuel. 

5.5. PRE-IGNITION ; . 

Refer Fig. 5.4. n * 

• Pre-ignition is the ignition of the homogeneous mixture in the cylinder, before the 
timed ignition spark occurs, caused by the local overheating of the combustible mixture. 
For premature ignition of any local hot-spot to occur in advance of the timed spark on 
the combustion stroke it must attain a minimum temperature of something like 700- 
800°C. 

• Pre-ignition is initiated by some overheated projecting part such as the sparking plug 
electrodes, exhaust valve head, metal corners in the combustion chamber, carbon 
deposits or protruding cylinder head gasket rim etc. 

— However, pre-ignition is also caused by persistent detonating pressure shockwaves 
scoring away the stagnant gases which normally protect the combustion chamber 
walls. The resulting increased heat flow through the walls, raises the surface 
* temperature of any protruding poorly cooled part of the chamber, and this there¬ 

fore provides a focal point for pre-ignition. 

• The initiation of ignition and the propagation of the flame front from the heated hot¬ 
spot is similar to that produced by the spark-plug when it fires, the only difference 
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more '^exceSJre f fi , ciently wha « °ne or 

aware of a loss in speed and power and thfrafi, 8 ”^“/I that the driver wiI1 only be 

j to compensate for this, which only intensifies the W °* k tte harde r 

1 occurs. ‘ ies ****P re ~*g n itiori situation until siezure 

I The following points are worthnoting ■ 

I lie.. ^ r ™,. b.,,h„ . 

"“""J f™rt fc d, T.D.C. “* ^ «"—» 

appear as nrrmirCrre^jn^LrT^^L'd-oflulr^ *» ?™. “arbaatian w,l| 

I ® ame speed as if it were controlled by the conventional tim^H * W °t d cont !" ue to operate at the 

^ temperature continues to occur at the same ^t” 4101131 tim6d *“** pr ° Vided the self-ignition 

j should be carefully avoided Whlch ure the main muses of pre-ignition 

I Tests for pre-ignition 

! shows that this assumption is not always valid Suddp Zfi7u *f°' 1 W<2S Experience 

! *~ **««. ~* ^ ^ 

I 5.6. detonation 

5.6.1. Introduction 

j wKw“’'dS“Tf t - —• «*». i. 

, ‘■■M. ehaarber urf ™»b*»'iS55 dSl fc T h “ "”? UM its course across 

without external assistance. % res ^roughout its mass spontaneously 

- - -— 

the pmg that manifests detonation. Thus a very sudden ri™ ✓ * * S ? Und ^ 8 pine ' 11 is 

companied by metallic hammer like sound is called detonati ^ combustion ac ' 

named^the * sparking plug, and is 

:j quarter the clearance volume. detonation this zone is rarely more than one 

j 5.6.2. Process of Detonation or Knocking 

I! * The process/phenomenon of detonation or lrnm-v;,.™ t 

i the F ‘g- 5.6, which shows the cross-section of the ay . b ® exp ained b y referring to 

I advancing from the spark plug location A The H combustion chamber with flame 

end charge BB'D Tpark^L ' T*°* P?”.** «■*■— the 

temperature of the end charge also increases due to he Tt ra,S1 . ng ' ts temperature. The 

1 - w * sssses: 
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Fig. 5.6. Combustion with knocking. 

combustion. During the preflame reaction period the flame front could move from BB' 
to CC\ and the knock occurs due to auto-ignition of the charge ahead of CC\ Here we 
have combustion unaccompanied by flame, producing a very high rate of pressure rise. 

• The pressure-time diagram of detonating combustion in S.I. engines is drawn and 
labelled below ; 


Extremely rapid pressure rise 



Fig. 5.7 

• The 'intensity of detonation* will depend mainly upon the amount of energy contained 
in the end-mixture* and the rate of chemical reaction which releases it in the form of 
heat and a high intensity pressure-wave . Thus, the earlier in the combustion process 
the detonation commences, the more unburnt end-mixture will be available to intensify 
the detonation. As little as 5 per cent of the total mixture charge when spontaneously 
ignited will be sufficient to produce a very violent knock. 
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5.6.3. Theories of Detonation : 

There are two general theories of knocking/detonation : 

( i) The auto-ignition theory 
(it) The detonation theory. 

(i) Auto-ignition theory. Auto-ignition refers to initiation of combustion without the ne¬ 
cessity of a flame. The auto-ignition theory of knock assumes that the flame velocity is normal 
before the onset-of auto-ignition and that gas vibrations are created by a number of end-gas ele¬ 
ments auto-igniting almost simultaneously. 

(ii) Detonation theory. In the auto-ignition theory, it is assumed that the flame velocity 
is normal before the onset of auto-ignition whereas in detonation theory a true detonating wave 
formed by preflame reactions has been proposed as the mechanism for explosive auto-ignition. 
Such a shock wave would travel through the chamber at about twice the sonic velocity and would 
compress the gases to pressures and temperatures where the reaction should be practically instan¬ 
taneous. 

In fact knocking or detonation is a complex phenomenon and no single explanation may 
be sufficient to explain it fully. 

5.6.4. Effects of Detonation 

1. Noise and roughness 

2. Mechanical damage 

3. Carbon deposits 

4. Increase in heat transfer 

5. Decrease in power output and efficiency 

6. Pre-ignition. 

Control of detonation : 

The detonation can be controlled or even stopped by the following methods : 

1. Increasing engine r.p.m. 

2. Retarding spark. 

3. Reducing pressure in the inlet manifold by throttling. 

4. Making the ratio too lean or too rich, preferably latter. 

5. Water injection. Water injection increases the delay period as well as reduces the 
flame temperature. 

6. Use of high octane fuel can eliminate detonation. High octane fuels are obtained by 
adding additives known as dopes (such as tetra-ethyl of lead, benzol, xylene etc.), to 
petrol. 

Fig. 5.4 shows normal combustion, detonation and pre-ignition. 

5.6.5. Factors Affecting Detonation/Knocks : 

The likelihood of knock is increased by any reduction in the induction period of combus¬ 
tion and any reduction in the progressive explosion flame velocity. Particular factors are listed 
below : 

/ 1- Fuel choice. A low self-ignition temperature promotes knock. 

2. Induction pressure. Increase of pressure decreases the self-ignition temperature and 
the induction period. Knock will tend to occur at full throttle. 

3. Engine speed. Low engine speeds will give low turbulence and low flame velocities 
(combustion period is constant in angle) and knock may occur at low speed. 
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4. Ignition timing. Advanced ignition timing increases peak pressures and promotes 

5. Mixture strength. Optimum mixture strength gives high pressures and promotes 

knock 

6. Compression ratio. High compression ratios increase the cylinder pressures and pro- 

motes knock. , . 

7. Combustion chamber design. Poor design gives long flame paths, poor turbulence 

and insufficient cooling all of which promote knock. 

8. Cylinder cooling. Poor cooling raises the mixture temperature and promotes knock. 

5.7. PERFORMANCE NUMBER (PN) 

Performance number is a useful measure of detonation tendency. It has been developed 
from the conception of knock limited indicated mean effective pressure 0 khmep ). when inlet pres- 
sure is used as the dependent variable. 

_ klimep of test fuel 

Performance number (PN) = ^ mepof is o-octane 

The performance number is obtained on 'specified engine, under specified set of conditions 
by varying the inlet pressure. 

5.8. HIGHEST USEFUL COMPRESSION RATIO (HUCR) 

The highest useful compression ratio is the highest compression ratio employed at 
which a fuel can be used in a specified engine under specified set of operating conditions at ^ 
detonation first becomes audible with both the ignition and mixture strength adjusted to give the 
highest efficiency . 

5.9. COMBUSTION CHAMBER DESIGN—S.I. ENGINES 

Engine torque, power output and fuel consumption are profoundly influenced by the follow¬ 
ing : 

(i) Engine compression ratio ; 

(») Combustion chamber and piston crown shape ; 

(iii) The number and size of the inlet and exhaust valves ; 

(£u) The position of the sparking plug. 

The following are the objects of good combustion chamber design : 

1. To optimize the filling and emptying of the cylinder with fresh unbumt charge respec¬ 
tively over the engine's operating speed range ; and 

2 To create the condition in the cylinder for the air and fuel to be thoroughly mixed and 
then excited into a highly turbulent state so that the burning of the charge will be completed m 
the shortest possible time. 

3 To prevent the possibility of detonation at all times, as far as possible in order to achieve 
these fundamental requirements it is imperative to be aware of the factors that contribute to¬ 
wards inducing the charge to enter the cylinder, to mix intimately, to burn both rapidly and 
smoothly and to expel the burnt gases. 
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5.9.1. Induction Swirl 

Refer Fig. 5 . 8 . 

* 

• Swirl is generated by constructing the intake system to 
pve a tangential component to the intake flow as it enters 
he cylmder. This is done by shaping and contouring 

intake manifold, valve ports and even the piston face 

• -Wi greatly enhances the mixing of air and fuel to give 
a homogeneous nuxture in the very short time available 
for th,s m modem high speed engines. It is also a main 

rsz sr-** of the flame *** - 

The induction ports are classified as follows : Refer Fig. 5 9 

1. Direct straight port. 

2. Deflector wall port. 

3. Masked valve port. 

4. Helical port, lie intensity of swirl is influenced by the 

va^ris P ° rt aDd the me “ diameter 'the 



Fig. 5.8. Induction swirl. 


spiral flow path about the 


area can be fully utilized all Z re St ££ ** ?*“"! f ^ 
obtained in the low-to-mid speed m^e of L ^e ^ ““ b * 

- t ^ - since 

how it enters the cylinder. Generally the m rt .f*f le ‘ ry above the v »lve and not 
valve lift. Generally, the magnitude of swirl rises with increased 
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Fig. 5.9. Induction ports. 

— These ports, however, suffer from a loss of volumetric efficiency in the upper 
speed range of the order 5 to 10%. 

• In chamber wall deflected induction swirl, the downward and circular movement 
of the mixture generates an expanding, and then a contracting special swirl about the 
cylinder axis during both the induction and compression strokes, respectively. 



Methods of Intensifying the Rate of Burning 

5.9.2. Squish and Tumble 

• As the piston approaches T.D.C. at the end of compression 
stroke, the volume around the outlet edges of the 
combustion chamber is suddenly reduced to a very small 
value. Many modem combustion chamber designs have 
most of the clearance volume near the centreline of the 
cylinder. As the piston approaches T.D.C. the gas mixture 
occupying the volume at the outer radius of the cylinder 
is forced radially inward as this outer volume is reduced 
to near zero. This radial inward motion of the gas 
mixture is called \squish It adds to other mass motions 
within the cylinder to mix the air and fuel and to quickly 
spread the flame front. Fig. 5.10 shows a typical 
compression squish. 

• As the piston nears T.D.C. squish motion generates a 
secondary rotational flow called “tumble”. This 
rotation occurs about a circumferential axis near the 
outer edge of the piston bowl. 



Fig. 5.10. Compression 
squish. 


5.9.3. Quench Area 

— The quench area is defined by the parallel portion of the piston and cylinder head 
which almost touch each other as the piston approaches T.D.C. These opposing flat 
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=■ 

crowTarea. ^ 38 /*■* ®w relative to the piston 

5.9.4. Turbulence 

* ZZrimpo^dl^ole° frand ° mly VOrtices °f different sizes which become 

vnrHnlT TV ** “ r ” ° T °* r ana! rnixtureflow stream (Fig. 5.11) These 

vortices, which are earned along with the flow stream, represent small irregular breaks 
ways that take on a concentric spiral motion (Fig. 5.12) “Tegular breaks- 



Fig. 5.11. Intake turbulent mixture flow. Fig. 5.12, Illustration of turbulence superimposed 

on mixture swirl. 



* 
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2. The increase of flame speed due to turbulence reduces the combustion time and hence 
minimises the tendency to detonate. 

3. Turbulence increase the heat flow to the cylinder wall and in the limit excessive turbu¬ 
lence may extinguish the flame. 

4. Excessive turbulence results in the more rapid pressure rise (though maximum pres¬ 
sure may be lowered) and the high pressure rise causes the crankshaft to spring and 
rest of the engine to vibrate with high periodicity, resulting in rough and noisy running 
of the engine. 

5.9.5. Flame Propagation 

• Typical flame propagation velocities range from something like 15 to 70 m/s. This 
would relate to the combuston flame velocity increasing from about 15 m/s at an idle 
speed of about 1000 r.p.m. to roughly 70 m/s at a maximum speed of 6000 r.p.m. 

• When ignition occurs the nucleus of the flame spreads with the whirling or rotating 
vortices in the form of ragged burning crust from the initial spark plug ignition site. 

• The speed of the flame propagation is roughly proportional to the velocity at the 
periphery of the vortices. 

5.9.6. Swirl Ratio 

• Induction swirl can be generated by thngentially directing the air movement into the 
cylinder either by creating a preswirl in the induction port or by combining the tangential- 
directed flows with a preswirl helical port. " Cylinder air swirl” is defined as the angular 
rotational speed about the cylinder axis. 

• Swirl ratio is defined as the ratio of air rotational speed to crankshaft rotational 
speed. 

— Helical ports can achieve swirl ratio of 3 to 5 at T.D.C. with a flat piston crown. 
However, if a bowl in the piston chamber is used, the swirl ratio can be increased 
to about 15 at T.D.C. 

5.9.7. Surface-to-Volume Ratio 

• In order to minimise the heat losses and formation of hydrocarbons within the combustion 



Surface/volume ratio —► 

Fig. 5.13 

chamber, the chamber volume should be maximised relative to its surface area, that is, 
■ the chamber's surface area should be as small as possible relative to the volume occupied 
by the combustion chamber (Fig. 5.13). The surface-to-volume ratio is the ratio of the 
combustion surface area to that of its volume . 

• The surface-to-volume ratio increases linearly with rising compression ratio. 
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5.9.8. Stroke-to-Bore Ratio 

• For various engines the stroke-to-bore (. L : D) ratio can range from 0.6 : 1 to 1.4 : 1. 

— When L = D, the L : D ratio is said to be square ; 

When L < D y the L : D ratio is said to be oversquare \ 

When L> Dy the engine is said to be undersquare. 

• "Oversquare"’ engines are more suitable for saloon car petrol engines, whereas 
“ undersquare ” engines are better utilised for large diesel engines. 

5.9.9. Compression Ratio (C.R.) 

• When compression ratio increases from 5 :1 to 10:1 the cylinder’s compression pressure 
increases from 8.0 bar to 19.0 bar respectively (Fig. 5.14). Correspondingly, the maximum 
cylinder pressure increases from 32 bar to 82 bar and b.m.e.p. generated also increases 
from 9.4 bar to 11.8 bar over the same compression range respectively. 

• The effect of higher cylinder pressure is to cause a corresponding rise in cylinder 
temperature from 360°C to 520°C over the same compression ratio rise. Baising the 
cylinder temperature reduces the ignition delay period for one set engine speed 
(Fig. 5.15). Thus, for an engine running in its mid-speed range, the ignition timing 
would be reduced from 37.5" to 12.5" before T.D.C. if its compression ratio is 
increased from 5 : 1 to 10 : 1. 

22 
20 

18 
16 
14 
12 
10 
8 


Fig 5.14. Effect of compression ratio on the b.m.e.p. Fig. 5.15. Effect of compression ratio on the 

compression and maximum cylinder pressures. air temperature and ignition lag. 

• The effects of compression ratio on the characteristic pressure-volume diagram and the 
characteristic pressure-crank angle diagram for a petrol engine are shown in Fig. 5.14 
and 5.15 respectively. 

• The main reason for raising the engine compression ratio is due to the increased 
density of the air-fuel mixture at the point of ignition, so that when the energy is 
released it is better utilized. It therefore, raises both the engine thermal efficiency and 
the developed power. 

j # 0ut of the ma J° r unwanted side effects of raising the compression ratio is that there 

j: will be a corresponding increase in cylinder pressure which, in turn, increases the 

j piston-ring to cylincLer-wall friction and compression and expansion heat losses. 

Consequently, the higher compression ratio produces a reduction in the mechanical 
efficiency. Subsequently, increasing the compression ratio produces an increase in 
thermal efficiency but at the expense of a falling mechanical efficiency. 
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Fig. 5.16. Effect of compression ratio on 
the characteristic pressure-volume diagram 
for a petrol engine. 



Crank-angle movement (deg)-► 


Fig. 5.17. Effect of compression ratio on the 
characteristic pressure-crank-angle diagram for a 
petrol engine. 


• The merits and limitations of raising the compression ratio with regards to thermal 
efficiency and mechanical efficiency are shown in Fig. 5.18, whereas F^g. 5.19 shows 
the benefits of increased power and reduced specific fuel consumption with rising 
compression ratio. 






Fig. 5.18. Effect of compression ratio on an Fig. 5.19. Effect of compression on engine power 

engine's thermal and mechanical efficiency. a„ d spec if,c fueI consumption . 

For S.I. engines’ combustion design practice, summarily, the following are required : 

1. The smallest ratio of chamber surface-area to chamber volume as possible ... to mini- 
mise heat losses to the cooling system. 

2. The shortest frame-front travel distance as possible ... to minimise the combustion period 

3. The provision for quenching the mixture farthest from the sparking plug ... to prevent 
the end-gas overheating. (However, it must not be excessive as this would prevent the 

expeflX the n exhaust). theref ° re ’ “ W0UW 3 Wgh ' eVel hydrocarbons to be 
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4. The most central sparking plug position possible ... to minimise the flame spread path 
(or, alternately, twin plugs can be used to achieve the same objective). 

5. The location of the sparking plug should be as close as to the exhaust valve as possible ... 
to maximise the temperature of the mixture surrounding the sparking plug electrodes . 

6. The incoming mixture must have adequate squirrel (but not too much as this could lead 
to excessive heat losses) ... to mix the air and fuel rapidly and intimately. 

7. The provision for squish zones ... to excite the mixture into a state of turbulence just 
before the combustion occurs. 

8. The provision for cooling of the exhaust valve ...to prevent overheating, distorting, and 
burning occurring. 

9. The provision for incoming fresh charge to sweep past and cool the sparking plug elec¬ 
trodes ... to avoid pre-ignition under wide throttle opening. 

10. The utilisation of the highest possible compression ratio ... to maximise the engine's 
thermal efficiency without promoting detonation . 

11. The inlet and exhaust valve sizes and numbers should be adequate ... to expel the ex¬ 
haust-gases and to fill the cylinder with the maximum mass of fresh charge in the 
upper speed range. 

12. The degree of turbulence created should be controlled ... to prevent excessively high 
rates of burning and, correspondingly, limit very high rates of pressure rise which 
would cause rough and noisy running. 


5.10. SOME TYPES OF COMBUSTION CHAMBERS 


A few representative types of combustion chambers of which there are many more varia¬ 
tions are enumerated and discussed below : 

1. T-head combustion chamber. 

2. T-head combustion chamber. 

3. 7-head (or overhead valve) combustion chamber. 

4. F-head combustion chamber. 

It may be noted that these chambers are designed to obtain the objectives namely : 

• A high combustion rate at the start. 

• A high surface-to-volume ratio near the end of burning. 

• A rather centrally located spark plug. 


1 T-head combustion chamber. Refer Fig. 5.20. 

This type of combustion chamber (earliest type) 
was used by Ford-motor corporation in 1908 in its fa¬ 
mous model *T. 

The T-head design has the following disadvan¬ 


tages : 


\ 

(i) Requires two cam shafts (for actuating the i 
let valve and exhaust valve separately) by tWo 
cams mounted on the two cam shafts. 


Spark 
tS plug 



Exhaust 

valve 


(ii) Very prone to detonation. There was violent 

detonation even at a compression ratio of 4 (with Fig. 5.20. T-head combustion chamber, 

a fuel of octane number of 50). 


* 
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2. L-head combustion chamber. Refer Fig. 5.21. 




(b) Ricardo’s turbulent head 


Fig. 5.21. L-head combustion chamber. 

• It is a modification of the T-head type of combustion chamber. It provides the two 
valves on the same side of the cylinder, and the valves are operated through tappet by 
a single camshaft. 

• Fig. 5.21 (a) and (6) shows two types of this side-valve engine. In these types it is easy 
to lubricate the valve mechanism with the detachable head, it may be noticed that the 
cylinder head can be removed for cleaning or decarburising without disturbing valve- 
gear etc. 

__ In Fig. 5.21 (a), the air flow has to take two right-angled turns to enter the cylin¬ 
der. This causes a loss of velocity head, and a loss in turbulence level, resulting in 
slow combustion process. 

_ Fig. 5.21 (6) is the Ricardo's turbulent head design . The main body of the 

combustion chamber is concentrated over the valves leaving a slightly restricted 
passage communicating with the cylinder, thereby creating additional turbulence 
during the compression stroke. This design reduces the knocking tendency by 
shortening the effective flame travel length by bringing that portion of the head 
which lay over the further side of the piston into as close a contact as possible with 
the piston crown, forming a quench space. The thin layer of mixture (entrapped 
between the relatively cool piston and also cooled head) loses its heat rapidly, thereby 
avoiding knock. By placing the spark plug in the centre of the effective combustion 
space but with slight bias towards the exhaust valve, the flame travel length is 
reduced. 


Advantages : 

(i) Valve mechanism simple and easy to lubricate. 

(ii) Detachable head easy to remove for cleaning and decarburising. 

(Hi) Valves of larger sizes can be provided. 

Disadvantages : 

(i) More surface-to-volume ratio and therefore more heat loss. 

(ii) Longer length of flame travel. 

(Hi) Valve size restricted. 

(iv) Thermal failure in cylinder block also. In 7-head engine the thermal failure is confined to 
cylinder head only. 
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( T °T head Va,Ve) COmbu8ti0 “ chamber. Refer Pig. 
lhis type of combustion chamber has both the inlet vahm +u 
exhaust valve located in the cylinder head An . . e and the 

side valve engine at high coSpreS ^ 18 "•***« to 

Advantages : 

(i) Reduced pumping losses. 

® ““ ““ 

te) Less prone to detonation (since the path of flame travel is reduced). 

( } fl i° rCe ° n the head 150118 and therefore less possibility of leak- 
age of compression gases or jacket water 

(U) 5„;r ,Uffle rati ° aDd ’ theref0re ’ le88 heat loss and less 
(vi) Easier to cast. 

4. F-head combustion chamber 

• In such a combustion chamber one valvp i a j « j .t 

is a compromise between L-head and 7-head combustion ^ ^ d- * n 

^tZSS.'Sr type) is the «*>-.* tb ° 

(i) High volumetric efficiency ; 

(«) Maxi mum compression ratio for fuel of given octane rating • 

(m) High thermal efficiency ; ^ 

(io) It can operate on leaner air-fuel ratios without misfiring. 

sive special shaped pistoni*" deSlg ” ** 1116 COmplex mechanism f° T operation of valves and expen- 

Note! ° {this type ofch amber is that used in Willys jeep 

Note 1. Some modern engines have divided chamher , ys Jeep> 

and operation flexibility. Their mamduad oantages are V °j ume ‘ ric e ffKiency, good fuel 

and high cost and difficulty in manufacturing , B^oter heat loss, due to high surface area, 

^rTes^nSo^fl^mv^to^tr^wr^ow““bustion chambers and 
feel and very low compression ratio if operated as an S J engine With tC" 1 ’ W “ ul 1 d reqmre very hi * h octane 
cylinder, it would be impossible to avoidserious lmoApr^w™* * v e«7 long real time of combustion in the 

5.10.1. Divided Combustion Chambers 

* SssStaS;““S'- 1 *! 1 *»» *<■» 

volume as a secondary chamber connect d P ‘ 8t ? n and about 20 percent of the 
Combustion is started in the smalt seconds, ^ ° smal1 orifice (Fig. 5.23). 

through the orifice, where it ignites the main fhambf) I*? t ^ *■*? /7 “ me fAen passes 
m the main chamber of this type of engine so the in * W ' r 18 88 im P° rtant 

greater volumetric efficiency. It i s desirable to have C ?" b ® designed for 

chamber, and the orifice betwp#m u . a T e ver ^ swir ^ ln the secondary 

“L’i-7 ;i ,h ' p * d “ *w. •««. t z 

"*■» “ s“t”" 


5.22. 



Fig. 5.22./-head 
combustion chamber. 
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Fig. 5.23. Divided combustion chamber. 

which enhances the combustion there. Creating an orifice that can do all this is a 
major design challenge. 

• A divided chamber engine, oftenly, will also be a stratified charge engine. The intake 
system is designed to supply a rich mixture in the secondary chamber and a lean 
mixture m the main chamber . The rich mixture with very high swirl in the secondary 
chamber will ignite readily and combust very quickly. The flaming gases expanding 
back through the orifice will then ignite the lean mixture in the main chamber, a 
mixture often so lean that it would be difficult to ignite with a spark plug alone. The net 
resu t is an engine that has good ignition and combustion, yet operates mostly lean to 
give good fuel economy. Placement and timing of intake valves injectors to supply the 
proper air and fuel to all parts of this engine are extremely important. 

s ^nnrI«!l O ^ A b ariat -. 0 u u tyP ® °f combustion chamber on some C.I. engines is one with a totally passive 
secondary chamber, with all valves and injectors located in the main chamber. When combustion occurs in the 

IffiW?m g r Ure f ° rCeS ? aS thr0Ugh the ve ^ orifice and raises the pressure in the secondary 
f' m tke main chamb « r « educed during the power stroke, the high pressure gases 

Z>^Zn r ^?* hambe !i flOW ^ mt °, the main chamber - h ° ld * the pressure in the main chamber to a higher 

u T* and g wes ° 8mooth > lightly greater force off the piston during the power stroke. This kind of 
secondary chamber usually consists of about 5-10 percent of the clearance volume 


WORKED EXAMPLES 

„ , E * ampl ® S ' l \ A SL engine operating at 1200 r.p.m. has a 10.2 cm bore with spark plug 
offset by 6 mm from tke centre. The sparkplug is fired at 20°C before T.D.C. It takes 6.5 0 of engine 
rotation for combustion to develop and get into flame propagation mode, where the average flame 
speed is 15.8 m/s. Calculate : 

(i) Time of one combustion process (i.e. time for flame front to reach the farthest cylinder 
wall) in sec. ; 

(u) Crank angle position at the end of combustion. (Madras University) 


V 
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INTERNAL COMBUSTION ENGINES 


Solution. Maximum distance of flame travel 


Time of flame travel 


= — bore + spark plugTjffset 


= - x 10.2 + 

5.7 x 10' 2 


10 


= 5.7 cm 


= 3.6076 x 10“ 3 s 


15.8 
1200 

1200 r.p.m. = x 360 = 7200 deg7s 
Crank angle for flame travel 

= 3.6076 x ICC 3 x 7200 = 25.975 deg. 

Time for combustion to develop = 6.5 crank degrees 

= or 0.9028 x 1(H s 

(i) Time for one combustion process 

= Time to develop + Time for propagation 
= 0.9028 x 10- 3 s + 3.6076 x ICC 3 
= 4.5104 x 10r* (Ana.) 

(ii) Total crank rotation 

= 6.5 + 26.975 = 3J.48 degrees of crank rotation. 

Since spark is fired at 20° before T.D.C, the crank position will be (33.48 - 20) 
or 13.48 degrees after T.D.C. (Ans.) 

Example 5.2. In a trial on S.I. engine at full speed full power (Le., fully open throttle) the 
spark occurred 26 0 bT.D.C (before top dead centre) and delay ended 4° bT.D.C '. Assuming that the 
combustion period should finish 13 0 aT.D.C, (after top dead centre) for maximum power and that 
the effect of half closing the throttle at constant speed is to increase the delay period by 14% of the 
valve at full throttle , estimate the optimum spark timing for maximum power under following 
conditions : 

(i) Under full throttle conditions when the engine is operated at half the maximum speed ; 
(ii) When the engine is operated at conditions of half the maximum speed and the throttle 
half open. 

State how these alterations in optimum spark timing may be achieved in practice. 

(Bombay University) 

Solution. 

• The delay period, at constant throttle, is constant in time arid thus increases in angle 
with the speed. 

• The cohibustion period is constant in crank angle. 

The delay period = From 26° T.D.C. to 4° &T.D.C. i.e. } 22° 

The combustion period = From 4° T.D.C. td\13° aT.D.C. t.e., 17°. 

(i) Full throttle half speed will result in delay angle being reduced to — = 11° for the same 


time thus ignition timing should be arranged so that the tote 
Time of spark = 28 - 13 = 15° bT.D.C. (Ans,) 

A centrifugal device is used to accomplish this task. 


Of 11 + 17 = 28°, ends 13° aT.D.C. 


* 
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(ii) Half throttle half speed will result in an increase of 14% in delay time over that at full 
throttle half speed i.e. by 


Delay angle = 11 + 1.54 = 12.54° 

Combustion period remains same as 17° 

.\ Total period = 12.54 + 17 = 29.54° ; end is 13° aT.D.C. 

■*. Time of spark = 29.54 - 13 = 16.54* bTJD.C. (Ans.) 

This is accomplished by a vacuum device connected to the inlet manifold. 


HIGHLIGHTS 


1. Combustion may be defined as a relatively rapid chemical combination ofhydrogen and carbon in the fuel 
with the oxygen in the air, resulting in liberation of energy in the form of heat. 

2. Ignition lag is the time lag between the first igniting of fuel and commencement of the main phase of 
combustion. 

3. Pre-ignition is the ignition of the homogeneous mixture in the cylinder, before the timed ignition spark 
occurs, caused by the local overheating of the combustible mixture. The standard test for pre-ignition is to 
shut-off the ignition. If the engine still fires, it is assumed that pre-ignition was taking place when the 
ignition was on. 

4 A very sudden rise of pressure during combustion accompanied by metallic hammer like sound is called 
detonation. 

5. Performance number (PN) is a useful measure of detonation tendency, 

p N _ klimep of test fuel 
klimep of iso- octane * 

6 The highest useful compression ratio (HUCR) is the highest compression ratio employed at which a fuel 
can be used in a specified engine under a specified set of operating conditions, at which detonation first 
becomes audible with both the ignition and mixture strength adjusted to give the highest efficiency. 

7. Swirl is rotational flow of charge within the cylinder about its axis. It is generated by constructing the 
intake system to give a tangential component to the intake flow as it enters the cylinder. 

8. Squish is the radial inw ard motion of the gas mixture. As the piston near T.D.C. squish motion generates 
a secondary rotational flow called "tumble*. This rotation occurs about a rircumferential axis near the outer 
edge of the piston bowl. 

9. Quench area is defined by the parallel portion of the piston and cylinder head which almost touch each 
other as the piston approaches T.D.C. It is defined as percentage of opposing flat area relative to the piston 
crown area. 

10. Turbulence consists of randomly dispersed vortices of different sizes which becomeusuperimposed into 
the air, or air and petrol mixture flow stream. 

11. The speed of the flame propagation is roughly proportional to the velocity at the periphery of the 
vortices. 

12. Cylinder air swirl is defined as the ratio of angular rotational speed about the cylinder axis. 

13. Swirl ratio is defined as the ratio of air rotational speed to crankshaft rotational speed. 

14. The surface to volume ratio is the ratio of the combustion surface area to that of its volume. It increases 
linearly with rising compression ratio. 

15. Over-square (L< D ) engines are more suitable for saloon car petrol engines, whereas under square 
(L > D ) engines are better utilised for large diesel engines. 
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OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say Tfes* or ‘No*: 

L ... may be defined as a relatively rapid chemical combination of hydrogen and carbon in the fuel with the 
oxygen in the air resulting in liberation of energy in the form of heat. 

2. The lower and upper limits of ignition of the mixture depend upon the temperature and mixture ratio. 

3. The time lag between first igniting of fuel and commencement of the main phase of combustion is called 
the period of... 

4 The ignition lag is a chemical process. 

5. An increase in compression ratio decreases the maximum pressure and the work transfer. 

6. The higher the self ignition temperature of fuel,... the ignition lag. 

7. Ignition lag is the smallest for the mixture ratio which gives the maximum temperature. 

8. Ignition lag is ... if the initial temperature and pressure are increased. 

9. Ignition lag is much affected by turbulence. 

10. Usually the spark should occur at about 15* before T.D.C. 

11. The correct instant for the introduction of spark is mainly determined by the.... 

12. In general rich mixtures burn faster. 

13. For maximum power and eeonomy a slow burning fuel needs a higher spark advance than a fast burning 

fuel. u 

14 ... is the ignition of the homogeneous mixture in the cylinder, before the timed ignition spark occurs, 
caused by the local overheating of the combustible mixture. 

15. Pre-ignition increases the tendency of detonation in the engines. 

ia A very sudden rise of pressure during combustion accompanied by metallic hammer like sound is called 


17. ... number is a useful measure of detonation tendency. 

ia ... is the rotational flow of charge within the cylinder about its axis. 

19. The ... area is defined by the parallel portion of the piston and cylinder head which almost touch each 
other as the piston approaches T.D.C. ( ' 

20. ... consists of randomly dispersed vortices of different sizes which becomes superimposed into the air, or 
air and petrol mixture flow steam. 

21. Cylinder air swirl is defined as the angular rotational speed about the cylinder axis. 

22. ... ratio is defined as the ratio of air rotational speed to crankshaft rotational speed. 

23. The degree of turbulence increases directly with the piston speed. 

24. When L <D, the L : D ratio is said to be .... 

25. Divided combustion chambers offer high volumetric efficiency, good fuel economy, and cycle operation 
flexibility. 


1. Combustion 
6. Longer 
11. ignition lag 
16. detonation 
21. Yes 


2. Yes 
7. Yes 
12. Yes 

17. Performance. 
22. Swirl 


ANSWERS 


3. incubation 
8. reduced 
ia Yes 
ia Swirl 
2 a Yes 


4 Yes 
9. No 

14 Pre-ignition 
19. quench 
24 oversquare 


5. No 
10. Yes 
15. Yes 


20. Turbulence 
25. Yes. 
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THEORETICAL QUESTIONS 


17. 


18. 

19. 


Define combustion*. State the general conditions necessary for combustion. 

Discuss the ignition limits of hydrocarbon fuels. 

Explain briefly combustion phenomenon in S.I. engines. 

What do you mean by pre-ignition ? How can it be detected ? 

Explain the difference between (i) pre-ignition, (ii) auto-ignition, and (iii) detonation. \ 

Explain the phenomenon of auto-ignition. Explain how auto-ignition is responsible for knocking in S.I. 
engines. 

Explain the phenomenon of knocking in S.I. engines. What are the different factors which influence the 
knocking ? Describe the methods used to supp. it. 

Explain the main factors that iniluenc&the flame speed. 

What is performance number ? 

What are the factors that limit the compression rathvthat can be used in petrol engines ? 

Abnormal Qpmbustion knock produced by surface ignition in S.I. engines is more harmful than normal 
combustion knock”. Justify the statement. \ 

How tetraethyl lead (T.E.L) improves the quality of fuel foriS.I. engine ? 

What do you mean by octane number of 85 and octane number of 75 ? What i&H.U.C.R. ? 

Space of the clearance volume controls the detonation in case of S.I. engine. Comment. 

What is ignition lag ? Discuss the effect of engine variables on ignition lag. 

Discuss the effects of the following variables on engine heat transfer : 

(t) Spark advance ; (t i) Engine output; 

(iii) Pre-ignition and knocking. 

“The highest compression ratio that can be used in a S.I. engine is limited by the detonation characteristics 
of the available fuel”. Justify the statement. 

“The retarding of spark timing in a S.I. engine will reduce detonation”. Justify the statement. 

What action can be taken with regard to the following Variables, in order to reduce the possibility of 
detonation in a S.I. engine ? Justify your answers by reasons. 

(i) Compression ratio; (it) Mass'aDcharge induced; 

(iii) Mixture inlet temperature; (iu) Enginespeed; 

(o) Distance of flame travel. 


20. Discuss the effect of the following engine variables on flame propagation: 

(i) Compression ratio; (ii) Fuel-air ratio; 

(iii) Turbulence ; (fo) Engine load; 

(lO Engine speed. 

21. Auto-ignition is the cause of detonation”. Justify the statement. 

22. Compressed natural gas (CNG) is preferable in S.I. engine than C.I. engine” ? Justify the statement. 

23. Why is spark advance required ? Discuss the factor that affect ignition timing. 

24. On what basis are S.I. engines fuels compared when they are better than iso-octane in anti-knock charac¬ 
teristics ? 


25. Discuss the three basic requirements of a good S.I. engine combustion chamber. 

26. Discuss the general principles of S.I. engine combustion chamber design. 

27. What are the advantages of overhead valve combustion chamber over side valve combustion chamber ? 
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Combustion in C.I. Engines 


6.1. Introduction. 6.2. Combustion phenomenon in C.I. engines. 6.3. Fundamentals of the 
combustion process in diesel engines. 6.4. Delay period (or ignition lag) in C.I. Engines. 
6.5. Diesel knock. 6.6. C.I. engine combustion chambers—Primary copsklerations in the design 
of combustion chambers for C.I. engines—Basic methods of generating^air swirl in C.I. engines 
combustion chambers—Types of combustfoil chambers. 6.7. Cold starting of C.I engines— 
Highlights—Objective Types Questions—Theoretical Questions. 


6.1. INTRODUCTION 


The compression ignition (C.I.) engine was developed by Dr. Rudol Diesel, he got a patent of 
his engine in 1892. 

It is a very important prime mover\these days and is finding wide applications in : 

— buses trucks, tractors ; 

— locomotives, 


— pumping sets ; 

— stationary industrial applications ; 

— small and medium electric power generation ; 

— marine propulsion. 

The following points are worth noting about C.I, engines : 

• Its thermal efficiency is higher than S.I. engines. 

% C.I. engine fuels (diesel oils) are less expensive than SHjengine fuels (petrol or gaso- 
ferie). Furthermore, since C.I. engines fuels have a higher s|>e(^fic gravity than petrol, 
and since fuel is sold on the volume basis (litres) and not on mas^basis (kg), more kg of 
fuel per are obtained in purchasing C.I. engine fuel. \ 

Due to the above. mentioned factors the running cost of C.I. engines is nutch Less than S.I. 
engines and as a consequence these engines find wide application in industrial\transport and 
other applications* * \ 

• A Qd. e^&tne is not much favoured in passenger cars due to the following reasons : 

(i) Hemfa%eight; 

(ii) Noise and vibration ; 

(Hi) Smoke ; 

— Tn view of the utilisation of heavier compression ratios (12 : 1 to 22 : 1 compared to 
6 : 1 to 11 ; 1 of S.I. engines) the heavy forces act on the parts of the engine and 
therefore heavier parts are required. 
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— Also, because of heterogeneous mixture, lean mixture is used. 

These factors make the engine heavier. 

— The incomplete combustion of heterogeneous mixture, and droplet combustion 
result in the smoke and odour. 

• C.I. engines are manufactured in the following range of speeds, speeds and power out¬ 
puts : 


Particulars 

1. Piston diameters 

2. Speeds 

3. Power output 


Range 

50 mm to 900 mm 
100 r.p.m. to 4400 r.p.m 
2 B.P. to 40000 B.P. 


6 .2. COMBUSTION PHENOMENON IN C.I. ENGINES 

• The process of combustion in the compression ignition (C.I.) engine is fundamentally 
different from that in a spark-ignition engine. In C.I. engine combustion occurs by the 
high temperature produced by the compression of the air, Le. it is an auto-ignition. For 
this a minimum compression ratio of 12 is required. The efficiency of the cycle increases 
with higher values of compression ratio hut the maximum pressure reached in the cyl¬ 
inder also increases. This requires heavier construction. The upper limit of compres¬ 
sion ratio in a C.I. engine is due to mechanical factor and is a compromise between high 
efficiency and low weight and cost. The normal compression ratios are in the range of 14 
to 17, but may be upto 23. The air-fuel ratios used in the C.I. engine lie between 18 and 
25 as against about 14 in the S.I. engine, and hence C.I. engines are bigger and heavier 
for the same power than S.I. engines. 

• In the C.I. engine, the intake is air alone and the fuel is injected at high pressure in the 
form of fine droplets near the end of compression. This leads to delay period in the C.I. 
engine, is greater than that in the S.I. engine. The exact phenomenon of combustion in 
the C.I. engine is explained below. 

— Each minute dropiet of fuel as it enters the highly heated air of engine cylinder is 
quickly surrounded by an envelope of its own vapour and this, in turn and at an 
appreciable interval is inflamed at the surface of the envelope. To evaporate the 
liquid, latent heat is abstracted from the surrounding air which reduces the tem¬ 
perature of the thin layer of air surrounding the droplet, and some time must elapse 
before this temperature can be raised again by abstracting heat from the main 
bulk of air in this vicinity. As soon as this vapour and the air in actual contact with 
it reach a certain temperature, ignition will take place. Once ignition has been 
started and a flame established the heat required for further evaporation will be 
supplied from that released by combustion. The vapour would be burning as fast as 
it can find fresh oxygen, t.c., it will depend upon the rate at which it is moving 
through the air or the air is moving past it 
— In the C.I. engine, the fuel is not fed in at once but is spread over a definite period. 
The first arrivals meet air whose temperature is only a little above their self¬ 
ignition temperature and the delay is more or less prolonged- The later arrivals 
find air already heated to a far higher temperature by the burning of their 
predecessors and therefore light up much more quickly, almost as they issue from 
the injector nozzle, but their subsequent progress is handic^Rped for there is less 
oxygen to find. 

— If the air within the cylinder were motionless, only a sma& proportion of the fuel 
would find sufficient oxygen, for it is impossible to distribute the droplets uniformly 
throughout the combustion space. Therefore some air movement is absolutely 
essential, as in the S.I. engine. But there is a fundamental difference between the 
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- 

air movements in the two types of engines In fha or n 

and mean a confusion of whirls and eddies with no _ ngln ®J^ e jt turbulence 
break up the surface of the LTtalTf f u™' dlreCtipn of flow . (to 
throughout an externally XareTcombu^e 1° ‘ he sh -ds of flame 

. it afr swirl and mean « orderiy mov^men't of SS Z2* “v* 0 *** we call 
without some eddying or turbulence so as to b ° dy ° f th ® air > with ° r " 

to each burning droplet and sweep awav the nrndi ^ ontlnuous supply of fresh air 
tend to suffocate it P aytheproduc ts of combustion which otherwise 

Three phases of C.I. engine combustion : 

2. Period of rapid or uncontrolled combustion. 

3. Period of controlled combustion. 

The third phase is followed by after burning for ... 

may be called the fourth phase ofwmbustion *^ t g 0n the “P^ion stroke), which 

1. Ignition delay period 



Fig. 6.1. Combustion phenomenon of C.I. engine. 
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• The delay period exerts a great influence in the C.I. engine combustion phenomenon. It 
is clear that the pressure reached during the second stage will depend upon the dura¬ 
tion of the delay period ; the longer the delay, the more rapid and higher the pressure 
rise, since more fuel will be present in the cylinder before the rate of burning comes 
under control. This causes rough running and may cause diesel knock. Therefore we 
inust aim to keep the delay period as short as possible, both for the sake of smooth run¬ 
ning and in order to maintain control over the pressure changes. But some delay period is 
necessary otherwise the droplet would not be dispersed in the air /bV complete com¬ 
bustion. However, the delay period imposed upon is greater than what is needed and 
the designer’s efforts are to shorten it as much as possible. 

2. Period of rapid or uncontrolled combustion. The second stage of combustion in 
C.I. engines, after the delay period, is the period of rapid or uncontrolled combustion. This period 
is counted from the end of the delay period to the point of maximum pressure on the indicator 
diagram. In this second stage of combustion, the rise of pressure is rapid because during the delay 
period the droplets of fuel have had time to spread themselves out over a wide area and they have 
fresh air all around them. About one-third of heat is evolved during this process. 

The rate of pressure rise depends on the amount of fuel present at the end of delay period, 
degree of turbulence, fineness of atomization and spray pattern. 

3. Period of controlled combustion. At the end of second stage of combustion, the 
temperature and pressure, are so high that the fuel droplets injected in the third stage bum 
almost as they enter and any further pressure rise can be controlled by purely mechanical means, 
i.e. by the injection rate. The period of controlled combustion is assumed to end at maximum cycle 
temperature.The heat evolved by the end of controlled combustion is about 70 to 80 per cent. 

4. After burning 

• The combustion continues even after the fuel injection is over, because of poor distribution 
of fuel particles. This burning may continue in the^cpansiop stroke upto 70° to 80° of 
crank travel from T.D.C. This continued burning, calTE^Tthe after burning, may be 
considered as the fourth stage of the combustion. The total heat evolved by the end of 
entire combustion process is 95 to 97% ; 3 to 5% of heat goes as unburned fuel in 
exhaust. 

• In thep-V diagram, the stages of combustion are not seen because of little movement of 
piston with crank angle at the end and reversal of stroke. So for studying the combus¬ 
tion stages, therefore, a pressure-crank angle or time, p-0 or p-t diagram is invariably 
used. In the actual diagram, the various stages of combustion look merged, yet the 
individual stage is distinguishable. 

Factors affecting combustion in C.I, engine : 

The factors affecting combustion in C.I. engine are as follows : 

(1) Ignition quality of fuel (cetane number) 

(2) Injection pressure of droplet size 

(3) Injection advance angle 

(4) Compression ratio 

(5) Intake temperature 

(6) Jacket water temperature 

(7) Intake pressure, supercharging 

(8) Engine speed 

(9) Load and Air to fuel ratio 

(10) Engine size 

(11) Type of combustion chamber. 
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ZJU INTERNAL COMBUSTION ENGINES 

6.3. FUNDAMENTALS OF THE COMBUSTION PROCESS IN DIESEL ENGINES 

Effect of Compression Ratio and Engine Speed on Cylinder Pressure and Tem¬ 
perature 

• The power output of a diesel engine is controlled by varying the amount of fuel spray 
injected into a cylinder filled with compressed*and heated air whereas the petrol engine 
is controlled by throttling the pre-mixed charge entering the cylinder. 

• The pressure and temperature reached at the end of the compression stroke will depend 
primarily upon the compression ratio, intake temperature and speed of the engine, 

It has been observed that injection usually commences 15° to 20° before T.D.C. 
when both cylinder pressures and temperatures are much lower. As an example , a 
15 : 1 compression ratio engine would have something like 600°C maximum tem¬ 
perature at T.D.C. but at 15° before T.D.C. this would only amount to 530 # C. 

— Further it can be seen that the pressure and temperature rise in the cylinder with 
increased speed is largely due to the reduced time available for compressed air to 
escape past the piston rings and heat to be lost through the cylinder walls and head. 

Diesel Engine Heterogeneous Charge Mixing 

The air-fuel mixture formation, in the diesel engine, is of a heterogeneous natures, that is, it 
is locally concentrated at various sites and is therefore unevenly distributed throughout the cylin¬ 
der and combustion chamber, 

— Injected fuel spray penetrates the highly compressed and heated air mass where it is 
pulverised into small droplets in a localised formation. The miring of the 

localised spray of fuel droplets in the hot air charge causes stoichiometeric (14.7 : 1 by 
weight) air-fuel ratio combustion zones to be established which are completely surrounded 
by pure air only. Thus the overall (averaged out) air-fuel mixture ratio range may vary 
from a rich, full load, 20 : 1, to a weak no-load, 100 : 1, air-fuel ratio. 

— Most engines operate with at least 20% excess air due to difficulty of introducing 
sufficient exposed oxygen to the fuel vapour in the given time available so that the 
combustion process can be completed before the exhaust valve opens. If the oxygen 
supply is partially prevented from getting to the fuel vapour early enough daring the 
power stroke then incomplete combustion, polluted exhaust gas and dark smoke will 
result. 

Diesel Engine Injected Spray Combustion Process 

Towards the end of the compression stroke when injection of the fuel into the combus¬ 
tion chamber commences, the quantity of fuel discharged is spread out over a predeter¬ 
mined period. 

The fuel spray enters the hot combustion chamber but does not immediately ignite, 
instead it breaks up into very small droplets (Fig. 6.2) andi once these liquid droplets 
are formed, their outer surfaces will immediately start to evaporate so there will be a 
liquid core surrounded with a layer of vapour. At this point it should be explained that 
the burning of a hydrocarbon fuel in air i3 purely an oxidation process. Thus, initially, 
heat liberated from the oxidation of the fuel vapour is less than the rate at which heat is 
extracted by convection and conduction, but eventually a critical temperature is reached 
when the rate of heat generated by oxidation exceeds the heat being dissipated by convec¬ 
tion and radiation. As a result, the temperature rises which, in turn, speeds up the 
oxidation process thus further increasing the heat released until a flame site or sites 
are established , this being known as the ignition and the temperature at which it 
occurs is called the self-ignition temperature of the fuel under these condition. The 
heat required for further evaporation of the fuel droplets will thus be provided from 
heat released by the oxidation process, which is referred to as combustion. 
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Outer layer 
of separated 
drops 




(a) Wide-spray small-droplet penetration 


(c) Fuel spray distribution with air swirl 


< -l_s-► 



Distribution 
of fuel 

(b) Narrow-spray large-droplet penetration 


L s = Length of spray 
W, = Width of spray 
0 5 = Included angle of spray. 


Fig. 6.2. Injected fuel spray characteristics. 

• The liquid core, now surrounded by layers of heated vapour, oxidises bums as fast as it 
can ; that is it finds fresh oxygen to keep the chemical reaction going on. 

• When the physical delay to convert the fuel spray into tiny droplets and the chemi¬ 
cal reaction delay to establish ignition from the initial oxidation process are over, the 
rate of burning is dependent on the speed at which the droplets are moving through 
the air or the air is moving past the droplets. 


Compression Ratio (r) : 

Increase in compression ratio exercises the following effects : 

• The cylinder compression pressure and temperature increase ; the ignition time lag 
between the point of injection to the instant when ignition first commences reduces. 

• The density and turbulence of the charge increase , and this increases the rate of burning 
and, accordingly the rate of pressure rise and the magnitude of the peak cylinder pres¬ 
sure reached. The characteristics of the pressure rise relative to the piston stroke or 
crank-angle movement is illustrated in Fig. 6.3 and Fig. 6.4. 

• Thermal efficiency and the specific fuel consumption are improved (Fig. 6.5) 

• Raising compression ratjp. fesults in reduction in the mechanical efficiency as shown 
in Fig, 6^64since the higher cylinder pressures increase the pumping losses, friction 


i: 

!■ 
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internal combustion engines 

losses and compression and expansion losses , . , 

gether the trapped air charge). 6 W ° r ^ 18 < * one m squeezing to- 




Fig. 6.4. Effect of compression ratio on the characteristic 
pressure -crank-angle movement diagrams for a diesefengine. 
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Compression ratio-► 


> 


Fig. 6.5. Effect of compression ratio on the thermal 
efficiency and specific fuel consumption. 


3.0 

I 


2.0 


1.0 


0 

10 12 14 16 18. 20 

Compression ratio-► 

Fig. 6.6. Effect of compression ratio on the pumping, friction, compression 
and expansion losses and the resultant mechanical efficiency. 
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** INTERNAL COMBUSTION ENGINES 

Injection Spray Droplet size 

• The rate of burning depends on the relative movement of the burning droplets to the 
surrounding air charge. 

• The time taken to establish and ignite a film of vapour surrounding a liquid droplet is 
practically independent of the size of the droplet. However, the rate of burning and corre¬ 
spondingly the pressure rise following ignition, will be dependent upon the exposed, sur¬ 
face area of the vaporising liquid droplets. 

• A compromise must be made to maintain sufficient droplet size (and, therefore, mo- t 
mentum so that a fresh supply of air comes continuously into contact with the shrink¬ 
ing size of the unburnt portion of the liquid droplets) and to have available sufficient 
numbers of small droplets which provide an adequate surface vapour area for rapid 
combustion. 

• It is possible, to some extent, to control the droplet size by the injection needle spring 
closing load. Generally the greater the ipjector spring load, the smaller and finer will be 
the droplet size, whereas a light spring needle load tends to produce coarse liquid drop¬ 
lets. 

6.4. DELAY PERIOD (OR IGNITION LAG) IN C J. ENGINES 

• In C.I. (compression ignition) engine, the fuel which is in atomised form is considerably 
colder than the hot compressed air in the cylinder. Although the actual ignition is al¬ 
most instantaneous, an appreciable time elapses before the combustion is in full progress. 
This time occupied is called the delay period or ignition lag. It is the time immedi¬ 
ately following injection of the fuel during which the ignition process is being initiated 
and the pressure does not rise beyond the value it would have due to compression of 
air. 

• The delay period extends for pbout 13°, movement of the crank. The time for which it 
occurs decreases with increasein engine speed. 

• In C.I. engine, the length of the delay period plays a vital role. This period serves a 
useful purpose in that it allows the fuel jet to penetrate well into the combustion space. If 
there were no delay the fuel would burn at the injector and there would be an oxygen 
deficiency around the injectot resulting in incomplete combustion. If the delay is too 
long the amount of fuel available for simultaneous explosion is too great and the 
resulting pressure rise is too rapid. 

— The delay period affects the rate of pressure rise and hence knocking. It also affects 
startability . 

— Some delay period is necessary otherwise the droplets would not be dispersed in 
air for complete combustion. 

Factors on which the delay period depends : 

The delay period depends upon the following : 

00 Temperature and pressure in the cylinder at the time of injection. 

Hi) Nature of the fuel mixture strength. 

(iii) Relative velocity between the fuel injection and air turbulence. 

(iv) Presence of residual gases. 

(u) Rate of fuel injection. 

( vi ) To small extent the finess of the fuel spray. 

The delay period increases with load but is not much affected by injection pressure. 

• The delay period should be as short as possible since a long delay period gives a more 
rapid rise in pressure and thus causes knocking. 
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Effects of Various Factors on Delay Period : 

\ Thes»^» temperature (S.I.T.) is the most important property of the fuel which 

^Ahwetfl.T^ns a wide margin between it and the temperature of compressed 
air and hence lower delay period. 

T,iZ,rZ. ... iZM in f.A «*• Ml t. .h. MM »»-!» 

• The other fuel properties which affect delay period are : 

(i) Volatility ; 

(ii) Latent heat; 

(iii) Viscosity ; 

Z! S wla£Tnd latent heat affect the time taken to form an envelope of vapour. 

_ The viscosity and surface tension influence the fineness of atomisation. 

2 Intake temperature : t . 

. Increase in intake temperature would result in increase in compressed air temperature 
which would reduce the delay period. 

I TnZTiZmpZion ratio reduces delay period as it raises both temperature and 

_ ............... 

tion temperature increases, the delay period decreases. 

I ^Delay'perkK^ 1 can be given either in terms of absolute time (in milliseconds) or crank 
At constant speed, delay period is proportional to the delay angle. 

Z “ZS. Zz !>«<* «*y <" — 

but increase in terms of crank angles . 

5 Type of combustion chamber i . 

. A pre-combustion chamber gives shorter delay compared to an open type of combustion 
chamber. 

6 Injection advance: „ - . 

temperatures are lower when injection begins. 
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internal combustion engines 

is smoother but power is red U cedhecZ!e hSiSSS rfftSbSi ™ ti0n ° f * ngine 
Abnormal Combustion in C.I. engines : °-‘ of f-l burns dun ng expansion. 

abnormality is 'Wiese/ kno^k" Thu'^cuVwhm // PTOblem 38 in SI ea ® a( *- The only 

Dress “ “ l<lrge amount off™*- in the cylinder for th^simulhcne^ ls , excessivel y fag so that 
pressure rise per degree of crank angle is -then™ m-JHw explosion phase. The rate of 

Running is rough and if allowed toVecome extremetl l“ «««* occurs 

stresses may damage the engine. Knock is thus a function oTtZT , ln , mechanical nnd thermal 
by choosing a fuel udth characteristics that do 

6.5. DIESEL KNOCK 

• Diesel knock is the sound produced by the very ranid mi r 

early part of the uncontrolled second phase of combust' P re fsure rise during the 

cessively high pressure rise is due to a prolonged d*>1n° n ' ^3 cause of an ex¬ 
delay period can be due to the folIowing P /acfoJf • y penod (Fl & 6 * 7 )- An extensive 

(d) A low combustion pressure dn« mnM • . 

- r r >r* > £•“ix'sssKsr——■ 

w iSSSSsrii" 1 ’ w “» <• >* . 



Crank-angle movement (deg) -->. 


j Rg ' 6 ' 7 ' Eff ? ct ofshort “d long delay period on the 

| characteristic ! 5 —0 diagram. 
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• A very long ignition lag after injection causes-a large proportion of the fuel discharge 
to enter the cylinder and to atomise before ignition and the propagation of burning 
actually occurs. Accordingly, when combustion does commence a relative amount of 
heat energy will be released almost immediately, this correspondingly produces the 
abnormally high rate of pressure rise, which is mainly responsible for rough and 
noisy combustion process under these condition (Fig. 6.7). . 

• It has been observed generally, that provided the rate of pressure increase does not 
exceed 3 harper degree of crank-angle movement, combustion will be relatively smooth, 
whereas between a 3 and 4 bar pressure rise there is a tendency to knock and, above this 
rate of pressure rise, diesel knock will be prominent. 

Differences in the knocking phenomenon of the S.I. and C.I. Engines : 

The following are the differences in the knocking phenomena of the S.I. and C.I. engines : 

1. In the S.I. engine , the detonation occurs near the end of combustion whereas in the C.I. 
engine detonation occurs near the beginning of combustion. 

2. The detonation in the S.I. engine is of a homogeneous charge causing very high rate of 
pressure rise and very high maximum pressure. In the C.I. engine, the fuel and air are 
imperfectly mixed and hence the rate of pressure rise is normally lower than that in the 
detonating part of the charge in the S.I. engine. 

3. Ih the C.I. engine the fuel is injected into the cylinder only at the end of the compression 
stroke, there is no question of pre-ignition as in S.I. engine. 

4. In the S.I. engine, it is relatively easy to distinguish between knocking and non-knock¬ 
ing operation as the human ear easily finds the distinction. 

5. Factors that tend to reduce detonation in the S.I. engine increase knocking in the C.I. 
engine. 

Methods of controlling diesel knock (Reducing delay'period) : 

The diesel knock can be controlled by reducing delay period. The delay is reduced by the 
following : 

(i) High charge temperature. 

(ii) High fuel temperature. 

(iii) Good turbulence. 

(io) A fuel with a short induction period. 


6.6. C.I. ENGINE COMBUSTION CHAMBERS 


6.6.1. Primary Considerations in the Design of Combustion Chambers for C.I. 
Engines 

In C.I. engines fuel is injected into the combustion chamber at about 15°C before T.D.C. 
during the compression stroke. For the best efficiency the combustion must complete within 15° to 
20 ° of crank rotation after T.D.C. in the working stroke. Thus it is clear that injection and combus¬ 
tion both must complete in the short time. For best combustion mixing should be completed in the 
short time. 


• In S.I. engine mixing takes place in carburettor, however in C.I. engines this has to be 
done in the combustion chamber. To achieve this requirement in a short period is an 
extremely difficult job particularly in high speed C.I. engines. 

• From combustion phenomenon of C.I. engines it is evident that fuel-air contact must be 


limited during the delay period in order to limit - 7 -, the rate of pressure rise in the 

at 
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second stage of combustion. This result can be obtained by shortening the delay time 

The considerations can he summarized as follows : 

1. High thermal efficiency. 

2. Ability to use less expensive fuel (multi-fuel). 

3. Ease of starting. 

4. Ability to handle variations in speed. 

5. Smoothness of operation i.e. avoidance of diesel knock and noise. 

6. Low exhaust emission. 

7. Nozzle design. 

8. High volumetric efficiency. 

9. High brake mean effective pressure. 

bers 6 ’ 6 ' 2, Ba8iC Methods of generating Air Swirl in C.I. Engines Combustion Cham- 


which W.““ ^““ “ « “ “«»• SMr. 

™. SST” “ '** w "" &r “ '■*«'- -«• 

2. By forcing the air through a tangential 

passage into a separate swirl chamber ditring com¬ 
pression stroke, known as compression swirL This 
method is used , in swirl chambers . J 

3. By use of initial pressure rise djie to par¬ 
tial combustion to create swirl turbulence, known 
as combustion induced swirl. This method is 
used in pre-combustion chambers and air-cell 
chambers. 

Induction swirl : 

• In a four stroke engine induction swirl 
can be obtained either by careful forma¬ 
tion of air intake passages or masking 
or shrouding a portion of circumference 
of inlet valve. The angle of mask is from 
90° to 140° of the circumference. 

• In tw&stroke engine, induction swirl is 
created by suitable inlet port forms. 

• ralve^ ntid 1 t Wirl g f erate i by air intake passages is very weak. If a masked inlet 
2Z %Z Jr ! PT ° V 1 eS “ ° bS J trUCti0n in passage which reduces volumetric effi- 
® Tb fore s ^ Lrl generated is weak even with this method. With a weak swirl, a 

duct ™ S‘ mJe T n T 1001 Pr0Vid? the desired air fuel Therefore, with in- 

duction swrrl, we have to use a multiple-orifice injector. 



Fig. 6.8. Induction swirl by masking 
the inlet valve. 
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Advantages of induction swirl : 

. Easier starting (due to low intensity of swirl). 

2. High excess air Oow temperature), low turbulence (less heat loss), therefore indicated 
thermal efficiency is high. 

3. Production of swirl requires no additional work. 

4. Used with low speeds, therefore low quality of fuel can be used. 

Disadvantages : 

1. Shrouded valves, smaller valves, low volumetric efficiency. 

2. Weak swirl, low air utilisation (60%), lower m.e.p. and large size (costly) engine. 

3. Weak swirl, multi-orifice nozzle, high induction pressure, clogging of holes, high main¬ 
tenance. 

4. Swirl not proportional to speed ; efficiency not maintained at variable speed engine. 

5. Influence minimum quantity of fuel. Complication at high loads and idling. 

Compresssion swirl : 

• The second method of generating swirl is by 
compression swirl in what is known as swirl 
chamber. A swirl chamber is a divided cham¬ 
ber. A divided combustion chamber is defined 
as one in which combustion space is divided 
into two or more distinct compartments, be¬ 
tween which there are restrictions or throats 
small enough so that considerable pressure 
differences occur between them during com¬ 
bustion process. 

• This swirl is maximum at about 15° before 

T.D.C. i.e. close to the time of injection. The 
fuel is injected into the swirl chamber and ig¬ 
nition and bulk of combustion takes place 
therein. A considerable amount of heat is lost 
when products of combustion pass back 
through the some throat and this loss of heat g 9 Compression swirl, 

is reduced by employing a heat insulated cham¬ 
ber. Thus, it serves as a thermal regenerator 

receiving heat during combustion and expansion and returning the heat to air during 
compression stroke. However the loss of heat to surface of combustion chamber is greater 
than induction swirl. 

• In combustion swirl, a very strong swirl which increases with speed is generated. 

Advantage of compression swirl : 

1. Large valves, high volumetric efficiency. 

2. Single injector, pintle type (self cleaning), less maintenance. 

3. Smooth engine operation. 

4. Greater air utilization due to strong swirl. Smaller (cheaper) engine. 

5. Swirl proportional to speed, suitable for variable speed operation. 
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Disadvantages : 

2 £« p S ! arting - tr0 f le dUe ‘° high loss due t0 st ™g swirl, mechanical efficiency lower. 

2. Less excess air , lower indicated efficiency * *5 tn RQf -p i 

exhaust valve life. 7 ’ 5 ™ 8% 0re fuel con sumption ; decreased 

3. Cylinder more expensive in construction. 

4. Work absorbed in producing swirl, mechanical efficiency lower. 

Combustion induce swirl ; 

* 51 S „ tyP K 0 [ SWlr [ lS i ™ luced by use of pressure rise due to partial combustion 

days ChamberS Which U8e this ‘yP e of "M are not much favoured these 

6.6.3. Types of Combustion Chambers 

peculiarities!’ T ^ ° ftheSe “• own 

bers may produce good results in one field of applicationiTSt tead^i 6 M ‘h®*® Combustion cham ‘ 
another. No one combustion chamber design has yet teen djvltn vY" m®" ’T" r ® Sults in 
result is all types of engines The nartimW , en t J evelo P ed which will produce the best 

the best performance for the application desfred^ C th ® n ’ mUSt b ® that Which accomplishes 
Four specific designs which find wide use in CJ. engines are discussed below • 

A. the non-turbulent type 

(t) Open or direct combustion chamber. 

B. The turbulent type 

(£) Turbulent chamber 
(“) Pre-combustion chamber 
(Hi) Energy cell. 


1. Open or direct combustion chamber : 

• Fig. 6.10 illustrates the usual design.of open combustion 
chamber, which is representative of non-turbulent type 

• The fuel is injected directly into the upper portion of the 
cylinder, which acts as the combustion chamber. This 
type depends little on turbulence to perform the mixin g 
Consequently, the heat loss to the chamber walls is rela¬ 
tively low, and easier starting results. In order to obtain 
proper penetration and dispersal of the fuel necessary for 
mixing With the air, however, high injection pressures 
and multi-orifice nozzles are required. This necessitates 
small nozzle openings and results in more frequent clog¬ 
ging or diversion of the fuel spray by accumulated carbon 
particles, with consequent higher maintenance costs. 

' This ty P® of Camber is ordinarily used on low speed en¬ 
gines, where injection is spread through a greater period 
of time and thus ignition delay is a relatively less impor- 

C r SeqUentl " C ° Stly fUBls With l0 ^er ignition delay may be used. 
Many attempts were made to improve the air motion in open chambers, the important 

(a) by shrouding the inlet valve, Refer Fig. 6.11 (a) 

( b ) by providing squish. Refer Fig. 6.11 (ft) 



Fig. 6.10. Open or direct 
combustion chamber. 
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Fig. 6.11. (a) Air motion by shrouding the inlet valve. Fig. 6.11. (ft) Squish air motion inside cylinder. 

By shrouding the inlet valve swirl motionris given to the air entering the cylinder 
which is believed to persist during compression stroke and the time of injection. 
This system gives better performance ay low speeds, however volumetric efficiency 
reduces on account of reduction in inlet! area due to shroud. 

Squish is provided by pushing the air atNfhe end of the compression stroke in the 
space whose diameter is smaller than the cylinder bore. Because of the small 
clearance between the head and piston top when at T.D.C. air is pushed into com¬ 
bustion space providing air movement known as squish. The squish helps in mix¬ 
ing of fuel and air. 


2. Turbulent chamber. Refer Fig. 6.12 

In the f turbulent chamber ’ (Fig. 6.12) the upward moving piston forces all the air (or 70- 
80% of all air) at a greater velocity into a small antechamber, thus imparting a rotary motion to 
the air passing the pintle type nozzle. As the fuel is injected into the rotating air, it is partially 
mixed with this air, and commences to burn. The pressure built up in the antechamber by the 
expanding burning gases force the burning and unburned fuel and air mixtures back into the 
main chamber, again imparting high turbulence and further assisting combustion. 

Advantages : 

0 i ) The insulated or hot running combustion chamber short¬ 
ens the delay period and limits the rate of pressure rise, 
resulting in smoother running. 

(ii) The turbulence is responsible for rapid mixing and burn¬ 
ing of fuel during the third stage of combustion. 

(Hi) Suitable for high speeds as the amount of turbulence is 
proportional to piston or engine speed. The burning in the 
third stage will be completed early without resulting in 
late burning. 

(iu) The demands on the fuel injection system are not severe 

as it is not to be depended upon for mixing, distribution, , , 

etc Fig. 6.12. Tubulent chamber. 
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chamblrwauTdurin^r “ *** ‘° W sta [ Un S « difficult since air lose heat to combustion 
ZZl 8 COmpreSSWn Stroke - Th * combustion chamber is relatively cool at the 

3. Pre-combustion chamber. Refer Fig. 6.13. 

Here the combustion chamber is separated into two 
Chambers. The smaller one of the chambers occupy about 
dU per cent of total combustion space. The communica¬ 
tion between two chambers is a narrow restricted pas¬ 
sage or a number of small holes. The air is forced into the 
pre-combustion chamber by piston during the compres¬ 
sion stroke Fuel is injected into the pre-combustion cham¬ 
ber. The chamber is designed to run hot and this results 

m S u, the delay P*" 0 * 1 of foel which is highly de¬ 

sirable. The products from this chamber rushes into main 
combustion space through restricted passages, creating 
Violent air motion. This violent air motion helps in rapid 
mixing and burning in the main combustion space The 
tuel reaching the main combustion space has practically 
no delay period as the temperature is already high due to 
combustion in pre-combustion chamber and combustion 
m mam chamber is rapid and complete (i.e. third stage of 
combustion) due to violent air motion. 

Advantages : 

space° te^uUncv n °. delay P 61 * 1 ^ for the fue l entering the main combustion 

space, tendency to knock is minimum, and as such running is smooth. 

(«) The combustion in the third stage is rapid. 

m from p^Z°W 1“^ T*^ 0r0Ugh due t0 viaIent Projection of combustion products 
^ from pre-chamber, the fuel inje^ion system design need not be critical 

Disadvantages: \ 

(,) heaVlosTis ven^hirff “ t<X> ^ gh dUr ‘ ng the passa ? e from prechambers, so the 

offset bv incren? ft! caus . es reduction in the thermal efficiency, which can be 
onset by increasing the compression ratio. 

(ii) Cold starting will be difficult as the air loses heat 
to chamber walls during compression. 

4. Energy cell: 

The ‘ energy cell is more complex than the pre-com¬ 
bustion chamber. It is illustrated in Fig. 6,14. As the pis¬ 
ton moves up on the compression stroke, some of the air is 
ii«„ int0 th< * m ^* or a nd minor chambers of the energy 
cell. When the fuel is injected through the pintle type noz¬ 
zle, part of the fuel passes across the main combustion 
chamber and enters the minor cell, where it is mixed with 
the entering air. Combustion first commences in the main 
combustion chamber where the temperature is higher, hut 
the rate of burning is slower in this location, due to insuf¬ 
ficient mixing of the fuel and air. The burning in the mi¬ 
nor cell is slower at the start, but due to better mixing, 


_ Main combustion 
chamber 



Minor cell 


O 

U 


Major cell 


Fig. 6.14. Energy cell. 
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progresses at a more rapid rate. The pressures built up in the minor cell, therefore, force the 
burning gases out into the main combustion chamber, thereby creating added turbulence and 
producing better combustion in this chamber. In the mean time, pressure is built up in the major 
cell, which then prolongs the action of the jet stream entering the main chamber, thus continuing 
to induce turbulence in the main chamber. 

5. M. Combustion chamber : . 

• After twenty years of research in 1954, Dr. Meuner of 
M.A.N., Germany developed M-process engine which ran 
without typical diesel combustion noise and hence it was 
named *, whisper engine \ 

• Fig. 6.15 shows a combustion chamber developed for 
small high speed engines. It differs from the other open 
combustion chamber engines in the respect that fuel 
spray impinges tangentially on, and spreads over, the 
surface of a spherical space in the piston. There is al¬ 
ways some impingement of spray on the combustion 
chamber walls in all successful diesel engine designs. 

This impingement was not considered desirable till 
M.A.N. combustion system was experimented. 

• The M.A.N. system’s theory is that enough of spray 
will ignite before impingement so that delay period will 
be normal while most of the fuel spray will evaporate 
from the hemispherical combustion space in piston prior 
to combustion. Thus the second stage of combustion is 
slowed down avoiding excessive rate of pressure rise. 

Shrouded inlet valve is used to give air swirl in direc¬ 
tion of arrow. 

Advantages : 

‘M-chamber’ claims the following advantages : 

(i) Low peak pressure. 

(ii) Low rate of pressure rise. 

(Hi) Low smoke level. 

(iv) Ability to operate on a wide range of liquid fuels (multi-fuel capability). 

Disadvantages : 

(i) Low volumetric efficiency. 

(ii) Since fuel vaporisation depends upon the surface temperature of the combustion cham¬ 
ber, cold starting requires certain aids. 

(Hi) At starting and idling conditions hydrocarbon emissions may occur. 

Table 6.1 gives comparison between open combustion chambers and divided combustion 
chambers . 


S.No. 

Aspects 

Open Combustion Chamber 

Divided Combustion Chamber 

1 . 

Fuel used 

Can consume fuels of good ignition 

Can consume fuels of poor ignition 



quality, i.e. of shorter ignition delay 

quality i.e. , larger ignition delay. 



or higher cetane number. 

or lower cetane number. 

2. 

Type of injection 

Requires multiple hole injection 

It is able to use single hole injection 


nozzle used 

nozzles for proper mixing of fuel 

nozzles and moderate injection 




Fig. 6.15. M.AN. combustion 
chamber. 
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and air, and also higher injection 
pressures. 

3. 

Sensitivity to fuel 
spray characteristic 

Sensitive. 

4. 

Mixing of fuel 
and air 

Mixing of fuel and air is not so 
efficient and thus high fuel/air 
ratios are not feasible without 
smoke. 

5. 

Cylinder construction 

Cylinder construction is simple., 

6. 

Starting 

Easy cold starting. 

7. 

Thermal efficiency 

Open combustion chambers are 
thermally more efficient. 
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pressures. It can ‘ 

degree of nozzle fouling. 

Insensitive. 

Ability to use higher fuel/air ratios 
without smoke, due to proper 
mixing and consequent high air 
utilization factor. 

More expensive cylinder construction, 
Difficult cold starting because of 
greater heat loss through the 
throat. 

Divided combustion chambers suffer 
from irreversibilities like throttling 
through the throat during the com¬ 
pression and expansion; thus lead- 
ingto pressure losses and available 
heat losses. Therefore, these en¬ 
gines are thermally less efficient 
comparatively. 

tasks. As most engineering work, the design of the cha an uItimate of performance in all 

full considerations of the following factors : ** ** mUSt ** baSed ° n a com P romise . after 

(i) Heat lost to 9ombustion chamber walls. 

(ii) Injection pressure. 

(iii) Nozzle design. 

(iv) Maintenance. 

(u) Ease of starting. 

(vi) Fuel requirement. 

(vii ) Utilisation of air. 

(viii) Weight relation of engine to power output. 

(ix) Capacity for variable speed operation. 

6.7. COLD STARTING OF C.I. ENGINES 

When the cylinder liner is heavily worn ; 

When the valves are leaky ; 

- Extreme cold climate (like Himalyan region). 

Therefore, sometimes, it is necessary to provide some electrical aid for cold starting. 
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• Open chamber direct injection engines are easiest to cold start because of the follow * 
ing reasons : 

(i) They have smallest surface to volume (S/V) ratio, as a consequence heat loss is 
minimum. 

(ii) They have lowest intensity of swirl, due to which stagnant gas film remains on the 
cylinder walls which reduces heat transfer. 

Cold starting aids for C.I. engines : 

Several methods have been used in the past to achieve easy cold starting, f'ew of them are 
listed below : 

1. Preheating the Engine cylinder by warm water . 

2. Injection of a small quantity of lubricating oil or fuel oil. This method temporarily 
raises the compression ratio, and seals the piston rings and valves. 

3. Provision of cartridges. 

4. Modifying valve timings for starting. #. 

5. Starting as petrol engine by providing y carburettor and a spark plug. At starting 
compression ratio is reduced by providing an auxiliary chamber. 

Modem starting aids of high speed engines : 

The following basic three types of starting aids are used on modern high speed diesel 
engines : 

1. Electric glow plugs (in the combustion chamber) 

2. Manifold heaters (which ignite a small feed of fuel) 

3. Injection of ether. 


HIGHLIGHTS 


1. The three phases of C.I. engine combustion are: 

(i) Ignition delay period (») Period of rapid or uncontrolled combustion 

(iii) Period of controlled combustion. 

The third phase is followed by after burning, which may be called the fourth phase of combustion. 

2. The period of physical delay is the time between the beginning of injection and attainment of chemical 
reaction conditions. 

In the chemical delay period reaction starts slowly and then accelerates until inflammation or ignition 
tcilccs plaicB. 

3. The delay period is the time immediately following injection of the fuel during which the ignition process 
is being initiated and the pressure does not rise beyond the value it would have due to compression ot air. 

4 The delay period should be as short as possible since a long delay period gives a more rapid rise in pressure 
and thus causes knocking. 

5. Diesel knock is the sound produced by the very rapid rate of pressure rise during the early part of the 
uncontrolled second phase of combustion. 

6. Four specific designs which find wide use in C.I. engines are : 

A The non-turbulent type: 

(i) Open combustion chamber 
B. The turbulent type: 

(i) Turbulent chamber 

(ii) Pre-combustion chamber 

(iii) Energy cell. 
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OBJECTIVE TYPE QUESTIONS 


Fill in the blanks or Say TTes* or *No’: 

The compression ignition engine was developed by. 

The thermal efficiency of C.I. engine is.than S J. engines. 

In C L engines the incomplete combustion of heterogeneous mixture, and droplet combustion result in 
smoke and odour. 

The period of.delay is the time between the beginning of injection and attainment of chemical reaction 

condition. 

plnce 6 .P er iod, reaction starts slowly and then accelerates until inflammation or ignition takes 

The second stage of combustion in C.I. engines after the delay period, is the period of.combustion. 

The air-fuel mixture formation, in the diesel engine, is of a.mixture. 

The delay period should be as.as possible. 

Increase m intake temperature would result in increase in compressed air temperature which would 
increase the delay period. 

Increase in compression ratio reduces delay period. 

At constant speed, delay period is proportional to the delay angle. 

Delay period decreases with increase in advance angle 

A pre-combustion chamber gives shorter delay compared to an open type of combustion chamber. 

. 1S , tha soun <J produced by the very rapid rate of pressure rise during the early part of the uncontrolled 

second phase of combustion. 

Factors that tend to reduce detonation in S.I. engine increase knocking in the C.I. engine. 

Induction swirl results in easier starting of the C.I. engine. 

‘M-process’ engine, developed in 1954, was named *whisper engine'. 


ANSWERS 

Dr. Rudol Diesel 2. higher a Yes 4 physical 

uncontrolled 7. heterogeneous a short 9. No 

^ es ^ No la Yes 14 Diesel knock 

Yes 17. Yes. 


5. chemical 
la Yes 
15. Yes 


THEORETICAL QUESTIONS 


ftflSSTIO 


When was C.I. engine developed and by whom ? 

State the applications of C.I. engines. 

Enlist the reasons for which C.I. engine is not much favoured in passenger cars. 
Explain briefly the combustion phenomenon in C.I. engine. 

Describe briefly various phases of C-I. engine combustion. 

State the various factors which affect combustion in C.I. engine. 

Explain briefly diesel engine injected spray combustion process. 

What is delay period in C.I. engines ? 

What is the difference between physical delay and chemical delay ? 

State the factors on which delay period depends. 

Explain the effect of the following factors on delay period : 

<*) Fuel Properties («) Intake temperature 

(iii) Compression ratio («,) Engine speed 

(u) Type of combustion chamber (u£) Injection advance. 


% 
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12. Explain briefly the phenomenon of “Diesel knock”. 

IS. State the differences in the knocking phenomena of S.I. and C.I. engines. 

14. Enlist various methods of controlling diesel knock. 

15. What should be the primary considerations in the design of combustion chambers for C.I. engines ? 

16. Explain briefly basic methods of generating air swirl in C.I. engines combustion chambers. 

17. Enlist the advantages and disadvantages of induction swirl. 

18. State the advantages and disadvantages of compression swirl. 

19. Explain briefly any two of the following combustion chambers : 

(j) Open or direct combustion chamber (£i) Turbulent chamber 

(iii) Pre-combustion chamber (iu) Energy cell. 

20. Give the comparison between open combustion chambers and divided combustion chambers. 

21. Write short note on cold starting of C.I. engines. 

22. Explain briefly cold starting aids for C.I. engines. 

23. Explain the phenomenon of knock in C.I. engines and compare it with S.I. engine knock. 

24 How does the mixture composition in combustion chamber of a C. I. engine differ from that of a S .1. engine ? 
25. “The factors that tend to increase detonation in S.I. engine tend to reduce knocking in C.I. engine”. 
Discuss the above statement with reference to the following influencing factors : 

(i) Compression ratio; (ii) Inlet temperature; 

(iii) Inlet pressure; ( iv\ Self-ignition temperature of fuel; 

(t>) Time lag of ignition of fuel; (vi) r.p.m.; 

(uii) Combustion chamber wall temperature. 

2a Why does rate of pressure rise during combustion is limited to a certain value ? 

27. Discuss the influence of ignition delay on combustion processes in S.I. and C.I. engines. Explain how the 
presence of a knock inhibitor in fuel oil helps to change the ignition delay in C.I. engines. 

28. “The requirement of air motion and swirl in a C.I. engine combustion chamber is more strigent than in a 
S.I. engine”. Justify the statement. 

29. “The induction swril in a C.I. engine helps in increasing indicated thermal efficiency”. Justify the state¬ 
ment. 

30. How are C.I. engine combustion classified ? What type of swirl is used in these chambers ? 

31. “In agriculture field, it is better to use C.I. engine than S.I. engine”. Justify the statement. 

32. How can a diesel engine be converted to CNG engine ? 

33. “The maximum substitution of diesel engine by CNG in a C.I. engine is limited by the cetane characteristics 
of the available fuel”. Justify the statement. 

34 Write a short note on aids for starting C.I. engines under extreme cold climate. 

35. Describe the M-combustion system and discuss its relative merits with respect to D.I. chambers. 
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where, 


7.1. INTRODUCTION 

unit time. IV engine ouTpSeplnds^n ^pfralete^^ M ' W ** ** e '* l '" C per 

enpne may be — -«*- ■• 

m f = Mass of fuel per unit time, 

C = Calorific value of fuel, and 
^th (/) “ Indicated thermal efficiency 

amount ^ -*• Spends on the 

the amount of oxygen available (for its combustion) whirh • urnt usefulI y depends, however, on 
supplied to the engine. The fuel-air raVsd«Jm “T °“ the of air 

IP. - m a ( m Z*?Z " f a ' eqn ' } then becomes 

• The indicated thermal efficiency (n \ nf Ul(n . , ...(7.2) 

(0 Compression ratio. W dep6nds : 

(ii) Ignition timing. 

(Hi) F/A (Fuel-air) ratio. 

— With fixed compression ratio and optimum 
ignition timing, (J) depends only on F/A 

ratio. When F/A varies closely within the 
range of 0.075 and 0.085, efficiency de¬ 
creases as F/A increases, making the 
product [F/A x C x n th(/) ] approximately 
constant over this range; eventually I.P. 
becomes proportional to m Thus the 
power developed by the engine, for a given 
valve of F/A ratio and n th (/) will be pro- 
portionai to the amount, of air the engine 
can take in per unit time, as illustrated 
in Fig. 7.1. 



Air capacity (kg air/s) - 
Fig. 7.1 
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• The air capacity of an engine can be increased by : 

( i ) Better inlet-design ; 

(ii) Increasing r.p.m ; 

(iii) Supercharging (i.e. increasing inlet pressure) ; 

(to) Cooling the inlet air. 

7.2. IDEAL AIR CAPACITY 

The ideal air capacity corresponds to filling the displaced volume (i.e. piston swep volume) 
with fresh mixture at inlet conditions . 

Thus, for four stroke engines, the ideal air capacity per cylinder is given as : 

(m a )ideal ■ 


N .. 

— Vo 

2 * Kl 

...(7.3) 

17 

~t A ^ 

...(7.4) 

- v V s = A (piston area) x L (piston length)^ 

U p 

and U p = 2L p N or *? = 


where (m a ) ideal = Ideal flow rate of fresh mixture per unit time, 

N - Engine revolution per unit time, 

V = Engine piston swept volume, 
p. = Inlet gas density, 

U = Mean piston velocity, and 
A p - Piston area. 

Note. The fresh charge in C.I. engine consists of air only (dry air + water vapour) whereas in S.I. engine 
it consists of air plus fuel. The quantity of air taken in by an engine is practically unaffected by the presence of 
fuel in the air and hence it is assumed that only air is present.) 

7.3. VOLUMETRIC EFFICIENCY 

The volumetric efficiency of an engine is defined as the ratio of actual air capacity to the 
ideal air capacity. This is equal to the ratio of mass of air which enters or is forced into the cylinder 
in suction stroke to the mass of free air equivalent to the piston displacement at intake temperature 
and pressure conditions. 

Mass of charge actually induced _ 

^ voi Mass of charge represented by volume at 
intake temperature and pressure conditions 

„ _ m actual 

or Mvol. —- 

^ideal 

— ^actual 


' N 


y.Pi 


2 

- H ^actual 
' NV sPi 

■ f ^actual 

P; 


...(7.5) 
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where, m actua] = Measured valve of inlet gas or dry air mass flow rate, and 
Pi = Measured value of inlet gas or dry air density. 

Thus, indicated power (I.P.) may now be written as : 

I.P. = tfi actua i (F/A x C) 


= f 


...(7.6) 


N 

Dividing by — V s , we get indicated mean effective pressure (i.m.e.p.) given by 


i me -P‘ = P t CWA ...(7.7) 

From eqn. (7.7), we find that if the type of fuel, fuel-air ratio (F/A) and indicated thermal 
efficiency (r| th (/) ) remain constant, then 

i.m.e.p.« p. t] vo1 

complete^’ P ° Wer output of “ en S™ e * proportional to volumetric efficiency provided the combustion is 




7.4. EFFECT OF VARIOUS FACTORS ON VOLUMETRIC EFFICIENCY 

It is desirable to have maximum volumetric efficiency in the intake of any engine ; it varies 
with engine speed. Fig. 7.2 shows a graph between volumetric efficiency and engine speed for a 
typical S.I. engine. 



Fig. 7.2 

There is a certain speed at which the volumetric efficiency is maximum, decreas¬ 
ing at both higher and lower speeds. There are several physical and operating vari¬ 
ables that shape this curve. 

Effects of various factors which affect the volumetric efficiency are discussed below : 

1. Fuel: 

The volumetric efficiency of a naturally aspirated engine will always be less than 100% 
because fuel is also being added and the volume of the fuel vapour will displace some 
incoming air . The type of fuel and how and when it is added will determine how much the 
volumetric efficiency is affected. 

• Systems with carburettors or throttle body injection add fuel early in the intake flow and 
generally have lower overall volumetric efficiency. This is because the fuel will immedi¬ 
ately start to evaporate and fuel vapour will displace incoming air. 


i 


\ 
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• Multipoint injectors which add fuel at the intake valve ports will have better efficiency 
because the air is displaced until after the intake manifold. Fuel evaporation does not 
occur until the flow is entering the cylinder at the intake valve. 

• Those engines that inject fuel directly into the cylinders after the intake valve is closed 
will experience no volumetric efficiency loss due to fuel evaporation. Manifolds with late 
fuel addition may be designed to further increase volumetric efficiency by having large 
diameter runners. High velocity and turbulence to promote evaporation are not needed. 
They can also be operated cooler, which results in a dense inlet air flow'. 

• Fuels like alcohol which have a smaller air-fuel ratio will experience a greater loss in 
volumetric efficiency. Fuels with high heat of vaporisation will regain some of this lost 
efficiency due to the greater evaporation cooling that will occur with these fuels. This 
cooling will create a denser air-fuel flow for a given pressure, allowing for more air to 
enter the system. Alcohol has high heat of vaporisation, so some efficiency lost due to 
air-fuel is gained back again. 

Gaseous fuels like hydrogen and methane displace more incoming air than liquid fuels, 

' which are only partially evaporated at the intake system. This must be considered when 
trying to modify engines made for gasoline fuel to operate on these gaseous fuels. It can 
be assumed that fuel vapour pressure in the intake system is between 1 to 10 percent of 
total pressure when gasoline-type liquid fuel is being used. When gaseous fuels or alco¬ 
hol is being used, the fuel vapour pressure is often greater than 10 percent of the total. 
Intake manifolds can be operated much cooler when gaseous fuel is used, as no 
vapourisation is required. This will gain back some lost volumetric efficiency. 

• The later that fuel vaporises in the intake system, the better is the volumetric efficiency. 
On the other hand, the earlier that fuel vaporises, the better are the mixing process and 
cylinder-to-cylinder distribution consistency. 

2 . Heat transfer-High temperature : 

• All intake systems are hotter than the surrounding air temperature and will consequently 
heat the incoming air. This lowers the density of the air, which reduces volumetric 
efficiency. 

• Intake manifolds of carburetted systems or throttle body injection systems are pur¬ 
posely heated to enhance fuel evaporation . At lower engine speeds, the air flow rate is 
slower and the air remains in the intake system for a longer time. It thus gets heated to 
higher temperatures at low speeds, which lowers the volumetric efficiency curve in Fig. 7.2 
at the low-speed end. 

• Some systems have been tried which inject small amounts of water into the intake mani¬ 
fold. This is to improve ihe volumetric efficiency by increasing the resulting evaporative 
cooling that occurs. 

3. Valve overlap : 

• At the top dead centre (T.D.C.) at the end of exhaust stroke and the beginning of the 
intake stroke, both intake and exhaust valves are open simultaneously for a brief moment. 
When this happens, some exhaust gas can get pushed through the open intake valve back 
into the intake system. The exhaust then gets carried back into the cylinder with the 
intake air-fuel charge, displacing some of the incoming air and lowering volumetric 
efficiency . This problem is greatest at low engine speeds, when real time of valve overlap 
is greater. This effects lowers efficiency curve in Fig. 7.2 at the low engine speed end. 

• Other factors that affect the above problem are the intake and exhaust valve location 
and compression ratio. 
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j! 4. Fluid friction losses : 

l • When air moves through any flow passage or past any flow restriction, it undergoes a 

pressure drop. For this reason, the pressure of air entering the cylinders is less than the 
I surrounding atmospheric air pressure, and the amount of air entering the cylinder is 

subsequently reduced. The viscous flow friction that affects the air as it passes through 
I the air filter carburettor, throttle plate, intake manifold and intake valve reduces the 

volumetric efficiency . Viscous drag which causes the pressure loss increases with square 
of flow velocity. This results m decreasing the efficiency on the high-speed end of the 
curve in rig. 7.2. 

! - A lot of development work has been carried out to reduce pressure losses in air 

intake systems. Smooth walls in the intake manifold, the avoidance of sharp cor- 
i ners and bends elimination of the carburettor, and close-fitting parts alignment 

with no gasket protrusions all contribute to decreasing intake pressure loss. 

I - ° ne 0f the greatest flow restriction is the flow through the intake valve. To reduce 

j this restriction, the intake valve flow area has been increased by building multivalve 

j engines having two or even three intake valves per cylinder . 

I • The flow of air-fuel into the cylinders is usually diverted into a rotational flow pattern 

within the cylinder to enhance evaporation, mixing and flame speed. This flow pattern is 
! accomplished by shaping intake runners and contouring the surface of the valves and 

| valve ports. This increases the inlet flow restriction and decreases volumetric efficiency 

• In case the diameter of the intake manifold runners is increased, flow velocity will be 
decreased and pressure losses will be decreased. However, a decrease in velocity will 

I result inpoorer mixing of the air and fuel and less accurate cylinder-to-cylinder distri- 

| bution. inis needs proper compromises in design. 

• In order to get better air-fuel mixing in some low performance, high fuel-efficient en¬ 
gines, the walls of the intake manifold are made rough to enhance turbulence. In these 
engines, high volumetric efficiency is not as important. 

5. Choked flow : 

• When choked flow occurs at some location in the intake system, it is the extreme case of 
flow restriction. When the air flow is increased to higher velocities, it eventually reaches 
sonic velocity at some point in the system. This choked flow condition is the maximum 
flow rate that can be produced in the intake system regardless of how controlling condi¬ 
tions are changed. This causes lowering of the efficiency curve on the high-speed end in 

, r lg. / ,Z. 

j The occurrence of choked flow takes place in the most restricted passage of the system 

j USUal,y at the lntake valve or in the carburettor throat on those engines with carburettors. 

| 6. Intake valve closure after B.D.C.: 

\ * The amount of air that ends up in the cylinder is affected by the timing of the closure of 

the intake valve. The ideal time for the intake valve to close is when the pressure equali¬ 
sation occurs between the air inside the cylinder and the air in the manifold. If it closes 
j before this point, air that was still entering the cylinder is stopped and a loss ofvolumet- 

i| nc f^emy is experienced. If the valve is closed after the point, air being compressed by 

J piston will force some air back out of the cylinder, again with a loss in volumetric effi- 

ciency. This valve-closing point in the engine cycle, at which the pressure inside the 
| cylinder is the same as the pressure in the intake manifold, is highly depended on en- 

! gine speed. 

i 

i ! 

a _- - _ 
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• The position where the intake valve closes on most engine is controlled by a crankshaft 
vand cannot change with engine speed. Thus the closing cycle position is designed for one 

engine speed, depending on the use for which the engine is designed. 

7. Exhaust residual: 

• All of the exhaust gases, during the exhaust stroke, do not get pushed out of the cylin¬ 
der, by the piston, a small residual being trapped in the clearance volume. The amount 
of this residual depends on the compression ratio, and somewhat on theXocation of the 
valve and valve overlap. 

• The exhaust gas residual, besides displacing some air, interacts with the air in two 
other ways. When the very hot gas mixes with the incoming air it heats the air, lowers the 
gas density , and decreases volumetric efficiency. This is counteracted slightly , however, 
by the partial vacuum created in the clearance volume when the exhaust gas is in turn 
cooled by the incoming air. 

8. Exhaust gas recycle (EGR) : 

• In several types of engines and all modem engines, some exhaust gas is recycled (EGR) 
into the intake system to dilute the incoming air. This reduces combustion temperatures 
in the engine, which results in less nitrogen oxides in the exhaust. Upto about 20 percent 
of exhaust gases will be diverted back into the intake manifold, depending on how the 
engine is being operated. This exhaust gas not only displace some incoming air, but it 
also heats the incoming air and lowers its density. Due to both of these interactions the 
volumetric efficiency of the engine is lowered. 

• In addition, engine crankcases are vented into the intake systems, displacing some of 
the incoming air and lowering the volumetric efficiency. Gases forced through the crank¬ 
case can amount to about 1 percent of the total gas flow through the engine. 

9. Piston speed and engine size : 

• It can be proved that inertia stress «« JJ p 2 . This indicates that all geometrically similar 
engines reach maximum allowable inertia stresses at the same piston speed. Therefore, 
whether due to consideration of maximum air capacity or limiting inertia dresses , geo¬ 
metrically similar engines are generally designed to run at the same speed. 

• The power developed by an engine is not proportional to swept f displacement volume. 

• Large engines develop less power per unit volume. 

10. Design of inlet and exhaust systems : 

• The volumetric efficiency is affected by the inlet and exhaust pipe design (length and 
diameter) ; the effect of inlet pipe system being greater. 

• By experimentation it has been found that, at certain speeds long inlet pipes give high 
volumetric efficiency. 


7.5. INLET VALVE MACH INDEX 


The flow of intake charge, in a reciprocating engine, takes place through the intake valve 
opening which varies during suction/induction operation. The maximum gas velocity ( U g ) through 
this area is limited by the local sonic velocity ( U s ). The following relation is used to choose the gas 
velocity : 




KiA u 


...(7.8) 
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where 


and 


A p - Piston area, 

■^iv = Nominal intake valve opening area, an d 
= Intake valve flow coefficient. 


u, A„ K, U s 



where = Cylinder diameter, 

D iv = Inlet valve diameter, 

U p = Mean piston speed, 

U 8 = Inlet sonic velocity, and 
Z - Inlet valve mach index. 


...(7.9) 


i 7 : 3 /^ ows a P 10 * for 1U Z (^altered by varying inlet valve diameter, valve lift and 

valve design), from which it can be concluded that there is a particular value of Mach Index after 
which volumetric efficiency starts falling ; this is approximately Z = 0.55. 



< 



Fig. 7.3 


WORKED EXAMPLES 


Example 7.1. A single-cylinder , 4-stroke cycle engine using CNG (compressed natural gas) 
as fuel has a cylinder, 20.3 cm bore x 30.5 cm stroke and runs at 300 rpm. If the volumetric efficiency 
of the engine based on conditions approaching the cylinder is 78% and the airlfuel ratio is 4 : 1, 
determine the volume of gas used per minute. 
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Solution. Given : D = 20.3 cm = 0.203 m ; L = 30.5 cm “ 0.305 m ; N = 300 r.p.m. 
ri vol = 78%, AJF ratio = 4:1 

Volume of gas used per minute : 

Stroke volume = — x 0.203 2 x 0.305 = 0.009871 m 3 
4 

Volume inhaled = ri vol x stroke volume 

= 0.78 x 0.009871 = 0.007699 m 3 


Gas inhaled = 


0.007699 
4 + 1 


0.00154 m 3 


Gas inhaled per minute - 0.00154 x —— = 0.231 m 3 /min. (Ans.) 

Example 7.2. A four-stroke, eight-cylinder engine is tested while running at 3600 r .p.m. The 
inlet air temperature is 15°C and the pressure is 760 mm of Hg. The total piston displacement vol- 
. ume is 4066 cm 3 . The air-fuel ratio of the engine is 14 : 1 and b.s.fc. is 0.38 kglkWh. Dynometer 
reading shows a power output of 86 kW. Find the volumetric efficiency of the engine. 

Solution. Given : N = 3600 r.p.m. ; Inlet temp. T = 15°C or 288 K ; 
p = 760 mm Hg = 1.013 bar 
V s = 4066 cm 3 or 4066 x lO^ 6 m 3 ; AJF ratio = 14 : 1 ; 
b.s.fc. = 0.38 kg/kWh 
B.P. = 86 kW 

Volumetric efficiency, r\ vol : 

86x0.38x 14 . . 

Air consumption, m =-—--= 7.625 kg/mm 

60 

Also, pV = mRT 


or 


y,_ mRT 
P 


7.625 x 287 x 288 = g 222 m 3 /min 
1.013 x 10 5 


Displacement or swept volume = 4066 x 10 -6 x 
= 7.319 m 3 /min 


3600 

2 


_ 0222 
Tlvol. - ? 319 


0.85 or 85%. (Ans.) 


Example 7.3. The airflow to a four-cylinder, four-stroke oil engine is measured by a 5 cm 
diameter orifice having a coefficient of discharge of 0.6. The engine having bore 10 cm and stroke 
12 cm runs at 1200 r.p.m. Pressure drop across orifice is 4.6 cm of water and ambient temperature 
and pressure are 17°C and 1 bar respectively. Calculate the volumetric efficiency based on free air 
condition. 

Solution. Given: n - 4; d = 5 cm = 0.05 m; C d = 0.6, D - 10 cm = 0.1 m ; L = 12 cm = 0.12 m ; 
N= 1200 r.p.m.; ^ = 4.6 cm = 0.046 m ; T = 17 + 273 = 290 K ;p = 1 bar. 


flvot ' 


Pa = 


1x10 s 


RT 287 x 290 
Head causing flow, metre of air, 

h u , p w 0.046x1000 


= 1.2015 kg/m 3 


h = 


Pa 


1.2015 


= 38.285 m 
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= V%^ = /2x 9.81x38385 =27.407 m/s 
^actual = x area x velocity 

= 0.6 x j x 0.05 2 x 27.407 = 0.0323 m 3 /s 
Kwept * 71 * — x D 2 x L x no. of cycles/sec. 

= 4 x | x 0.12 x 0.12 x = 0 . 03 77 m 3 /s 

_ _ V,ctu,i _ 0.0323 

vo, ~ Kwep t ~0mr? =0 - 8567 ° r 85.67%. (Ans.) 

7000 cm 3 develops 14.7 Wat^O^m ^ith^specifchd “ dis P lacemen ‘ volume of 

used is represented by the chemical formula C< “ 7 " l0 ' i kg/kWh. The fuel 

inlet conditions of 1.013 bar and 30°C, ’ 1 U ' dU percent excess uir is used, determine at 

(i) The air-fuel ratio ; , ;i \ ri. , 

For air, take = 0.287 kj/kg K. " ^ V ° lumtnc e fP**ncy of the engine. 

Solution. Given : n-\ k-172 f 4 , (A.M.I.E., I.C. Engines) 

N L , Cyde) '= 7000 ^ 3 = 7000 xl 0 ^ m3p=147kw 

In)pf r AV = T ' P ' m " = 0 272 kg/kWh ' Exc ess air = 30% 

«) The aX-fueTraLV ' 013 ^ ; T = 30 + 273 = 303 K ! *»i r = 287 J/kg K. 

Chemical combustion equation for mvpn fiioi n w • . 

C H . m ® fael C 7 H I6 * b y the expression, 

L, 7 xl ifl + 110„ - 7Qo _ ’ 



8H 2 0 


= 3.52 


Air-fuel ratio 


12x7 + 1x16 11x2x16 

- 100 =352 

Mass of oxygen _ 352 
Mass of fuel ~ 100 

= ^ass of air _ Mass of oxygen/0.23 
Mass of fuel Massof fuel 

= Mass of oxygen 1 3.52 

Mass of fuel X 0.23 ~ 0.23 = 

«) The volumetric efficiency of the engine, £ : ^ C ° ntainS 0Xygen 23% by Weight) 
m f~ s.f.c. x power developed 
= 0.272 x 14.7 = 3.999 kg/h 
m u = 15-3 X 3.999 = 61.185 kg/h 

qn 

= 61.185 + 61.185 79.54 kg/h 

m = Mass of actual air + mass of fuel 
= 79.54 + 3.999 = 83.54 kg/h 

Volume of charge sucked = 

P 

„ (83.54 / 60) x 287 x 3 03 

£5l3xl(j5 “ = 1,195 m3/min 


Actual air supplied 
Mass of charge, 
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Displacement volume/min. = Displacement volume/stroke x No. of cycles per min. 


= 7000 xl(Hx~ = 1.575 mVmin 

Volume of charge displaced 
^voL ~ Displacement volume 
1.198K 


‘ 1.575 


x 100 = 75.87%. (Ans.) 


Example 7.5. A six-cylinder four-stroke S.I. engine having a piston displacement of 730 cm. 3 
per cylinder developed 80 kW at 3100 r.p.m. and consumed 28 kg of petrol per hour . The calorific 
value of petrol is 44 MJ/ kg. Determine : 

(i) The volumetric efficiency of the engine if air-fuel ratio is 13 and the intake air is at 0.88 bar, 

27°C ; 

( ii ) The brake thermal efficiency; 

(iii) The brake torque. 

Solution* Given : Number of cylinders = 6 ; 

Piston displacement per cylinder = 730 cm 3 = 730 x 10" 6 m 3 
Power produced per cylinder, B.P. = 80 kW at 3100 r.p.m. 

Petrol consumed per hour = 28 kg 

Calorific value of petrol, C = 44 MJ/kg 

Air-fuel ratio \ =13 

Intake air conditions : 0.88 bar, 27°C 
(i) Volumetric efficiency, r| vol : 

Air consumed m„ 

^Vol. * 


Swept volume v N 

Pa * ¥ s * g 


where, 


Pa = 

Bvol. = 


p _ 0 . 88 xl 0 5 

RT ~ 287 x (27 + 273) 
(28x13)/60 


1.022 x (730 x 6 x 10 -6 ) x 


= 1.022 kg/m 3 

= 0.874 or 87.4%. (Ans.) 


3100 


(ii) The brake thermal efficiency, (B) : 

B.P. 
rhf xC 


80 x 10 3 


(Hi) The brake torque, T : 

B.P. = 

80 = 

T = 


(28/3600) x (44 x 10 6 ) 
2 t iNT 


“sT = 0.234 or 23.4%. (Ans.) 


60 x 1000 
2tc x 3100 xP 
60x1000 
80 x 60 x 1000 
2 ft x 3100 


kW, where T is in Nm, and N is in r.p.m. 


= 246.4 Nm. (Ans.) 
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Example 7.6. The volumetric efficiency of a petrol engine at full load is 80 percent, atmos¬ 
pheric conditions being 1.013 bar and 25°C, and inlet and exhaust pressures are equal to the atmos¬ 
pheric pressure. The compression ratio of the engine is 7.5. If the Met temperature is raised to 45°C 
and exhaust pressure is raised to 1:15 bar , determine : 

(i) The volumetric effici^icy ; 

(“) The Percentage change in indicated output of the engine. 

Solution. Given : = 80% = 0.8 ; p. = 1.013 bar ; p t = 1.15 bar ; 7), = 25 + 273 = 298 K ; 

T h = 45 + 273 = 318 K; r = 7.5. 


(d The volumetric efficiency, : 

For pressure change : 


Ha. _ r - c Pt j 7.5-d-i5/Loi3 ) V1 - 4 

S r-(pj Pi)i y 7.5 - (L013 / L013) W4 

_ 7.5 -109 48 

=0.9854 

For inlet temperature change : 



Now volumetric efficiency, considering both pressure and temperature, 

% * 0.8 x 0.9854 x 1.033 = 0.8143 or 81.43%. (Ans.) 
(ii) The percentage change in indicated output of the engine : 


Output oc (p. x rj y ) or ^ for constant inlet pressure 


Percentage reduction in output 


= (0.80 / 298) - (0.814 / 3 18) 0.814 x 298 

(0.80/298) - ” 0.80x318 

« 0.0465 or 4.65%. (Ans.) 

Example ^ 4-stroke diesel engine has a compression ratio of 14 and works in ambient 
condition of 1.013 bar and 27°C. A supercharger is added to the engine which raises the inlet pres¬ 
sure to 1.3 bar and the inlet temperature to 60°C, other conditions remaining the same. Determine : 
(i) The percentage change in charging efficiency ; 

(ii) The percentage change in indicated output of the engine. 

Solution. Given : r = 14 ; p l = 1.013 bar ;p 2 = 1.3 bar ; T x = 27 + 273 = 300 K ; 

T 2 = 60 + 273 = 333 K 

(i) The percentage change in charging efficiency : 

For change in pressure : 



S . r-ipJPiW 


14 - (1 .013 / 1.3) yi4 _ 14 - 0.837 

14 - (1.013/1.013) 1/14 14-1 = 10125 


jf- 


i 


Visit: www.Civildatas.com 


AIR CAPACITY OF FOUR STROKE ENGINES 


259 




= 1.054 


For change in inlet temperature : 

Ik 

■%! | 

For both change in inlet pressure and temperature, 
r\ v 

— = 1.0125 x 1.054 = 1.067 

The percentage increase in volumetric efficiency = 6.7%. (Ans.) 
(ii) The percentage change in indicated output of the engine : 
Output «= p x 


_ Pi _ 


1.013 x 10 6 


Ex 

Pl 


RT X 

287x300 

_ P2 _ 

1.3xl0 5 

5 rt 2 

287 x 333 

P2 X 

1.36 , 

• SB - X 1. 

Pi X A Vl 

U76 


= 1.176 


x 1.067 = 1.234 


or Percentage increase in power = 23.4%. (Ans.) 

Example 7.8. A petrol engine operating at full throttle develops 32 kW with 80 percent me¬ 
chanical efficiency at sea level where atmospheric conditions are 1.013 bar pressure and 35 Ctem¬ 
perature. The engine is moved to a hill station whose altitude is 2000 m and temperature is 5 C. A 
drop of 10 mm of mercury barometer reading may be assumed for each 100 m of rise in altitude. 

Determine the percentage change in volumetric efficiency of the engine and the brake power of 
the engine if it runs at the same speed and full throttle. 

Solution. Given : (I.P.)* = 32 kW ; n mech . = 80 * 5 Pi = L013 bar ; T x = 35 + 273 = 308 K ; 

T 2 as 5 + 273 = 278 K 

Percentage change in volumetric efficiency : 

The ratio of pJp L in both cases is 1. Therefore there is no change in volumetric efficiency due 
to inlet and exhaust pressure change. 

For inlet temperature change, 


2k= 


Percentage decrease in y\ v - 


fH 

1-0.95 


= 0.95 


x 100 = 5%. (Ans.) 


Brake power of the engine, (B.P.) a : 

Indicated power output (I.P.) «* ^ x 

Pn % x 1013 

--OC -—-- 


T\v Pi 
T; 


(I.P*)j • 

Drop in pressure at hill station = p gh N/m 2 


T h 


T) Vl x 0.003289 


= (13.6 x 1000) x 9.8 lx 


( 10 2000 ^ 
(iooo x 100 J 


x 10 ” 5 bar = 0.267 bar 
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(I.p.) 2 ~ 


p 2 = 1.013 - 0.267 = 0.746 bar 
^ Pi, 0-95 T) Pi x 0.746 


278 


0.002549 Tiu, 


(IP. >2 0.002549 r^ 

(IP.)l 0.003289 = 0 ’ 775 

(I.P.) 2 = OPJ, x 0.775 = [gj x 0.775 = 31 kW 

ciency remains unch^iged^ ” 881116 8t ^ plaCe ®’ tte P° wer and hence mechanical effi- 

(B.P.) 2 = 31x6.8 = 24.8 kW. (Ans.) 

power wllTmbienttSitlt “ofM ° f ™ 75 kW indieated 

inlet pressure to 1.38 bar and inlet temperature todTC uZer ^ 1 ' "*** increases tf * 

volumetric efficiency of the engine U 81 % without supercl^SZZZt^ V th * 

to The volumetric efficiency ; tf-ng, calculate. 

(li) Indicated power of the supercharged engine. 

Solution. Given : r = 7.5 ; I.P. = 75 kW ; T. = 2 7 + 073 - inn ir . 

1 qq u 7 1 ^ £7o — 300 K j pi zz 101 bar • d* _ 

1.38 bar, T k = 48 + 273 = 321 K; V = 81% . ' 01 bBX ’ p h - 

W The volumetric efficiency of the supercharged engine l\ y . 

for change m inlet pressure: ’ 


% r-(pjp^l 

’•h r -(p«/p i ), I/T W-d.Ol/l.Ol) 171 - 4 

For change in inlet temperature: 

!!a _ [321 > 

% \r ti y 300 = 10344 

For both change in inlet pressure and temperature, 

n„. 


. 7.5- (1.01/1.38) 1/ 


. 7.5 - 0,8 
' 7.5-1 


= 1.03 




= 1.03 x 1.0344 = 1.0654 


^ x 1.0654 = 0.81x 1.0654 = 0.8629 or 86.29% (Ans) 
(u) Indicated power of the supercharged engine, (I.P.) 2 , ' * 

p - Pi 101 xlO 5 
RT, “ 287 x 300 


■ 1-173 kg/m 3 


Pa 2 


_ P 2 138 x 10 5 
RT„ ~ "os700. = 1498 k g/m 3 


FT 2 287x321 


(I.P,) 2 Tk, xp ni 
aP) i \»P., 
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or 


(I.P.) 2 = CLP.\ x 


\XPa a 

\xp*«, 


0.8629 x 1498 

75 x- 

0.81x1173 


= 102 kW. 


(Ans.) 


Example 7.10. A 1-cylinder ; 4-stroke cycle engine has a bore of320 mm and stroke 380 mm. 
In a test the gas consumption was metered 0.25 m 3 lmitu at 120 mm of water and 27°C . The air 
consumption was 3.36 kg I min at atmospheric pressure of 1.013 bar and temperature 27 Q C. The 
speed of the engine was 280 r.p.m. The calorific value of gas used was 18600 kJ/m 3 at 25*C and 
1.013 bar. Calculate: 


(i) The volumetric efficiency of the engine; 

(«) The heating value of 1 m 3 of the charge at 25°C and 1.013 bar. 

Solution. Given : n = 1; D = 320 mm = 0.32 m ; L = 380 mm = 0.38 m ; N = 280 r.p.m. ; 
C.V. = 18600 kJ/m 3 at 25°C and 1.013 bar 


( i ) Volumetric efficiency, r| TOL : 

Volume of air consumed at inlet condition, 


V = 


mRT 3.36 x 287 x (27 + 273) 


P 

Gas supply pressure = 1.013 + 
Gas consumption at inlet condition 


^JL013 x 10 5 

( 120 / 1000 ) 


= 2.8558 m s /min 


10.2 


1.025 bar 


(1 bar = 10.2 m) 


= 0.25 x — = 0.253 m 3 /min 
1.013 

Volume of mixture consumed in inlet condition 


= 2.8558 + 0.253 * 3.109 m 3 /min 


^lvol. 


Volume of mixture consumed at inlet condition 
Swept volume 


= -- 1 -— = 0.727 or 72.7%. (Ans.) 

- x (0.32) 2 x (038) X (280 / 2) 

4 

(U) The heating value of 1 m 3 of the charge : 

The heating value of 1 m 3 of the charge at 25*C and” 1.013 bar 


Volume of gas 
Volume of mixture 


x18600 = 


0.253 

3109 


x 18600 = 1513.6 kJ/m 3 . (Ans.) 


^Example 7.11. A 6 -cylinder, 4-stroke petrol engine with a bore of 125 mm and a stroke of 
190 mm was supplied during a test with petrol of composition C = 52% and H 2 = 18% by mass. The 
dry exhaust composition by volume was C0 2 = 11.19%, 0 2 = 3.61% and N 2 = 85.2%. 

( i ) Determine the mass of air supplied per kg of petrol, the percentage of excess air and the 
volume of the mixture per kg of petrol at 17°C and 0.98 bar, which are the conditions for the mixture 
entering the cylinder during the test. 

Hi) Also determine the volumetric efficiency of the engine based on intake conditions when 
mass of petrol used per hour during the test was 31 kg and the engine speed was 1600 r.p.m. The 
petrol is completely evaporated before entering the cylinder and the effect of its volume on the volu¬ 
metric efficiency should be included. 
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Asume the following: 

of air ^O^Cand^niio^ 0 ^ ^ 335 times th ? t 0 ^ mr at the same temperature and pressure. 1 kg 
of air at OC and 1.0132 bar occupies 0.7734 m’. Air contains 23% oxygen by mass 

0 2 = 3.6lS" = 85.2%: n = ~ J 25 mm ; / = 190 mm ; C = 82% ; H 2 = 18% ; C0 2 = 11.19% ; 

(0 Theoretical mass of air required per kg of fuel for complete combustion 


100 ( 8 „ ^ 


100 


23 ff x082 + 8 x 


0.18^ = 15: 


.768 kg. 


Vol. of constituents 
per mole of 
dry flue gases 

(a) 

Molar 

mass 

(b) 

Proportional 
mass of 
constituents 
(c) ~(a) x(b) 

Mass/kg of 
flue gas 

d ~ c/Uc) 

Mass of carbon 
per kg 
of flue gas 

C0 2 = 11.19 

44 

492.36 

0.16448 

016448 x12 





44 

0 2 = 3.61 

32 

115.52 

0.03859 

= 0.044858 

N 2 =85.20 

28 

2385.60 

0.79693 


Total 100.00 


2993.48 

1.00000 

1 


Mass of dry flue gases/kg of fuel - Mass of carbon P e r kg of fuel 

Mass of carbon per kg of flue gas 


0.82 

" 0.044858 
100 


= 18.28 kg. 


Mass of unused air per kg of fuel = ~ (18.28 x 0.03859) = 3.067 kg. 
Air su PPlied/kg of fuel = 15.768 +1.067 = 18.835 kg. (Ans.) 


. 3.067 

Excess air = x 100 = 19.45%. (Ans.) 


15.768 
pV ~ rnRT 

pV _ (1.0132 x IQ 5 ) x 0.7734 
mT 1x273 

= 287 kj/kg K 

At the same temperature and pressure 


Now 
For air 


R = 


Ppetrol vapour _ 3 35 = ^air 


^petrol vapour 


At 17°C and 0.98 bar, 


R - 287 _ 

petrol vapour — 335 ~ 85.67 


I 
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Volume of 1 kg of petrol vapour = 


mRT 

P 

1 x 85.67 x (273+ 17) 


0.98 x 10 5 


= 0.2535 m 3 


Volume of 18.835 kg of air 


mRT 


ia835 x 287 x 290 


= 15.996 m 3 


• 0.98 x 10 5 
Volume of mixture per kg of petrol 

= 0.2535 + 15.996 = 16.25 m 3 . (Ans.) 

(ii) Now, volumetric efficiency 

Volume of air per min at intake condition 

Swept volume per min 


16.25 x (31/60) 

6 x T (0.125) 2 x 0.19 x 
4 £ 

= 0.75 or 75%. (Ans.) 

Example 7.12. On testing a spark ignition engine it was observed that the volumetric effi¬ 
ciency is maximum when inlet valve Mach Index is 0.55 and the indicated torque, and indicated 
mean effective pressure occured at maximum volumetric efficiency. 

The engine having a bore of 110 mm and stroke 140 mm produces maximum indicated torque 
when running at 2400 r.p.m. 

(i) Determine the nominal diameter of the inlet valve. 

(ii) If the same engine is required to develop maximum indicated power at 2800 r.p.m., how 
will the inlet valve size be modified ? 

(iii) If the same engine runs at 2800 r.p.m. without any inlet valve modifications, how will 
volumetric efficiency get affected ? 

Pressure at intake valve = 0.88 bar ; Temperatue at intake valve = 340 K; Inlet valve flow 
coefficient = 0.33. 

Assume : Fuel-air mixture as perfect gas with y = 1.4 and R - 287 J/kg K. 

(iv) What would be volumetric efficiency at maximum power speed of 4800 r.p.m., for un¬ 
modified engine. 

Solution. Given : Z = 0.55 ; = 110 mm = 0.11 m, L = 140 mm = 0.14 m; N = 2400 r.p.m.; 

p = 0.88 bar, T = 340 K; = 0.33 ; y = 1.4, R = 287 J/kg K. 

(i) Nominal diameter of inlet valve, : 

For the properties of mixture given in the data, the local sonic velocity of mixture of air-fuel 
at the inlet or suction valve is given by : 

U 8 = JyRT = Vl-4 x 287 x 340 = 369.6 m/s 


Also, 


or 



D cy f (2LN / 60) 

Pi.) * K t U. 


= Z 


...[Eqn. (7.9)] 

v U p - piston speed 
= 2 LN / 60 


i 


i : ! j 

!;•! j 

!l ; 1 

If; ; 

!•;\ 
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f~Tx 

r(2 x 014 x 2400/60)1 

UJ 

L 0.33 x 369.6 J 


= 0.65 


= 


(0.11) 2 x(2x0J4 x 2400/60) f /2 

f» v Q£QC u nec = 


04495 m or 44.95 mm. (Ans.) 


0.33 x 369.6 xQ.55 I 

• 0S ' , “ 1 "”“ ric •*““» &”» Kg. 7.31, 87.577 apprad^w,. 

*ncy p,,„u™ , nd M . 

D _ ( 0 . 11 )‘ x(2x0JL4 x 2800/6O^] I/2 


(0.11) 2 x(2x 0.14 x 2800/60) 

0.33 x 369.6 x 055 ® 0j 




04855 or 48.55 mm. (Ans.) 


. Th ! ls . T W does not & et affected but remain constant as 87 5% at 2800 r n ™ * i 

diameter is increased to 48.55 mm. at r,p * m, » the mlet valve 


m Again, without intake valve modification, £ has to remain same U the nominal di- 
ameter of the mlet valve = 44.95 mm, and the new value of U p at 2800 r.p.m. 


2x014x2800 

60 


= 13.067 m/s. 


Thus, the new value of Z is given by: 

Z= JLl_ J 0J1 f 13,067 

V°.<J K iU, (0.04495 J 033x369,6 ~°' 64 
' ““ 

(iv) Again, U p at 4800 r.p.m. = — 014 x 4800 „„ . . 


60 


: 22.4 m/s 


Z = 


f on )• 


22.4 


V0.04495J *033 x 369.6 = 1,1 
Corresponding to Z = 1.1, from Fig. 7.3, = 56% app. 

It may be noted that whereas speed has increased from 2400 r.p.m. to 4800 r.p.m. i.e. 100 per¬ 
cent ; the volumetric efficiency has fallen by - 7 ' 5 ~ 56 - 036 or 36% 

87.5 

~ SbeToSooTnTF- be y°“ d 2400 ^ the volumetric efficiency 

tails beyond 2400 r.p.m. Finally the power reaches a maximum at 4800 r.o m and he. 

yond this limit starts falling under the influence of very rapidly falling 11 
— Hence, the maximum torque-engine speed and maximum power-engine speed can be var 
led and fixed at the required values with these inlet valve modifications^. 


HIGHLIGHTS 


1. Mr capacity is defined as the mass flow of fresh air through the engine per unit time 

a ' r ° aPaCity COrreSP ° ndS *** -luma with fresh mixture at inlet condi- 
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3. The volumetric efficiency of an engine is defined as the ratio of actual air capacity to the ideal air 
capacity. This is equal to the ratio of mass of air which enters or is forced into the cylinder in suction 
stroke to the mass of free air equivalent to piston displacement at intake temperature and pressure 
conditions. 

4. Power output of an engine is proportional to volumetric efficiency provided the combustion is complete. 

5. The volumetric efficiency of an engine is affected by many variables such as compression ratio, valve 
timing, induction and port design, mixture strength, latent heat of evaporation of fuel, heating of the 
induced charge, cylinder temperature and atmospheric conditions. 


OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say “Yes” or “No”: 

1. At lower speeds volumetric efficiency is nearly constant, at high speeds it. 

2. The higher the altitude .... will be the volumetric efficiency. 

3. The volumetric efficiency is defined as the ratio of ideal air capacity to actual air capacity of an engine. 

4. The ideal air capacity is defined as the mass flow of fresh air through the engine per unit time. 

5. Volumetric efficiency of 4-stroke cycleL€L engines ... with increase in inlet temperature. 

6. The maximum volumetric efficiency speed can be increased for 4-stroke I.C. engines by.... the inlet valve 
diameter. 

7. The volumetric efficiency of 4-stroke cycle I.C. engine ... with increase in coolant temperature. 

8. For 4-stroke cycle diesel engines exhaust gas temperature increases with load. 

9. In a 4-stroke cycle I.C. engine, ideal air capacity varies directly as the piston speed. 

10. Indicated mean effective pressure for a 4-storke I.C. engine varies inversely as inlet air density. 

11. The volumetric efficiency of a 4-stroke I.C. engine varies directly as the diameter of the cylinder. 

12. The volumetric efficiency of a 4-stroke I.C. engine varies.as inlet air density. 

13. Inlet valve Mach Index for maximum volumetric efficiency for four stroke engine is approximately. 

14. The volumetric efficiency of a 4-stroke S.I. engine remains fairly constant with increase in F/A ratio. 

15. The isentropic index of compression (y) increases as the F/A ratio of octane-air mixture increases. 


ANSWERS 


1 . 

falls rapidly 

2 . lower 

3, No 

4. No 

5 . decreases 

6 . 

increasing 

7. decreases 

8 . Yes 

9. Yes 

10 . No 

11 . 

No 

12 . inversely 

13. 0.5 

14. Yes 

15. No. 


THEORETICAL QUESTIONS 


1. Define ideal air capacity of an engine. How does it differ from actual air capacity ? 

2. How do you define volumetric efficiency of an I.C. engine ? How is it related to the power output of the 
engine ? 

3. How is the volumetric efficiency affected by speed and altitude ? 

4. Discuss briefly the effects of the following factors on the volumetric efficiency : 

(i) Fuel (ii) Heat transfer-high temperature 

(m) Valve overlap (iv) Fluid friction losses 

(i/) Choked flow (ut) Intake valve closure after B.D.C. 

( vii ) Exhaust residual ( viii ) Exhaust gas recycle (EGR). 

5. What is the effect of “Inlet Mach Number” on the volumetric efficiency of an engine ? 
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6. Why the inlet valve be kept open for a few degrees of crank angle even when the piston is on the compres¬ 
sion stroke ? 

Assume that the engine under consideration is a high speed one. 

7. “A 4-stroke I.C. engine is always economical and less pollutant than 2-stroke engine”. Justify the state¬ 
ment. 


UNSOLVED EXAMPLES 


1. A six-cylinder four-stroke spark ignition engine having a piston displacement of 700 cm 3 per cylinder 
produced 78 kW at 3200 r.p.m. and consumed 27 kg of petrol per hour. The calorific value of petrol is 
44 MJ/kg. Determine : 

(i) The volumetric efficiency of engine if air-fuel ratio is 12 and the intake air is at 0.9 bar, 32°C ; 

(») The brake thermal efficiency; 

(vii) The brake torque. (Ans. (i) 78.16% ; (tt) 23.64% ; (Hi) 233 Nm) 1 

2 ‘ 2* 3 SX eDgine itwaS obse ™*i that the volumetric efficiency is maximum when inlet valve 

ach Index is 0.55 and the indicated torque, and indicated mean effective pressure occured at maximum 
volumetric efficiency. 

The engine having a bore of 120 mm and stroke 150 mm. produces maximum indicated torque when 
running at 2500 r.p.m. 

(i) Determine the nominal diameter of the inlet valve. 

(”) If the sajne engine is required to develop maximum indicated power at 3000 r.p.m., how will the inlet 
valve size be modified ? 

(Hi) If the same engine nms at 3000 r.p.m. without any inlet valve modifications, how will volumetric 
efficiency get affected ? 

Pressure at intake valve = 0.9 bar ; Temperature at intake valve * 350 K ; Inlet valve flow coefficient 
= 0.325. 

Assume : Fuel-air mixture as perfect gas with y~ 1.4 and R - 287 J/kg K. 

(iv) What would be volumetric efficiency at maximum power speed of 5000 r.p.m., for the un-modified 
engine ? [Ans. (t) 43 mm ; («) 47 mm; ( Hi ) 84% ; (iu) 55.25%] 


< 




Visit: www.Civildatas.com 



Two Stroke Engines 


8.1. General aspects—Construction and working—Comparison between two stroke cycle and 
four stroke cycle engines—Disadvantages of two stroke S.I. engine compared to two stroke 
C.I. engine—Reasons for use of two stroke engines for marine propulsion—Reasons for the 
use of two stroke S.I. engines for low horse power two wheelers 8.2. Intake for two stroke 
cycle engines. 8.3. Scavenging process. 8.4. Scavenging parameters. 8.5. Scavenging systems. 
8.6. Crankcase scavenging. 8.7. Scavenging pumps and blowers—Highlights—Objective Type 
Questions—Theoretical Questions. 


8.1. GENERAL ASPECTS 

8.1.1. Construction and Working 


• In 1878, Dugald-clerk, a British engineer introduced a cycle which could be completed 
in two strokes of piston rather than four strokes as is the case with the four stroke cycle 
engines. The engines using this cycle were called two stroke cycle engines. In this 
engine suction and exhaust strokes are eliminated. Here instead of valves , ports are 
used. The exhaust gases are driven out from engine cylinder by the fresh charge of 
fuel entering the cylinder nearly at the end of the working stroke. 

• Fig. 8.1 shows a two-stroke petrol engine (used in scooters, motor cycle etc.) Refer Art. 
2.12 also. 



L - Cylinder; M = Piston \ C.C. = Crankcase ; V ~ Valve; E.P. = Exhaust port; T.P . - Transfer port. 
Fig. 8.1. Two stroke cycle engine (crankcase scavenged). 
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Volume —--*■ 

Fig. 8.2. p-V diagram for a two stroke cycle engine. 



Fig. 8.3. Port timing diagram. 
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The cyclinder L is connected to a closed crankcase C.C. 

- During the upward stroke of the piston M, the gases in L are compressed and at the 
valve freSh ** and foel (petr0l) mixture eaters the crank chamber through the 

— When the piston moves downwards, V closes and the mixture in the crank chamber is 
compressed. 

^P^ s ^ on * 8 moving upwards and is compressing an explosive charge 
w ich has previously been supplied to L. Ignition takes place at the end of the stroke. 

e piston then travels downwards due to expansion of the gases (Fig. 8.1 (ii)) and near 
the end of this stroke the piston uncovers the exhaust port (E.P.) and the burnt exhaust 
gases escape through this port (Fig. 8.1 (iii)). 

— The transfer port (T.P.) then is uncovered immediately, and the compressed charge 
rom the crank chamber flows into the cylinder and is deflected upwards by the hump 
provided on the head of the piston. It may be noted that the incoming air petrol mixture 
helps the removal of gases from the engine-cylinder ; if, in case these exhaust gases do not 
leave the cylinder, the fresh charge gets diluted and efficiency of the engine will decrease. 
— The piston then again starts moving from B.D.C. to T.D.C. and the charge gets com¬ 
pressed when E.P. (exhaust port) and T.P. are covered by the piston ; thus the cycle is 
repeated,. 

• Fig. 8.2 show the p-V diagram for a two stroke cycle engine. It is only for the main 
cylinder or the top side of the piston. 

• Fig. 8.3 shows self-explanatory port timing diagram for a two stroke cycle engine. 

• ... /n “ tW ° s^oke Diesel cycle engine all the operations are the same as in the spark 

ignition (Otto cycle) engine with the differences ; firstly in this case, only air is admitted into 

of asparHng^lug ^ ^ mMUre and secondl y A«rf injector is fitted to supply the fuel instead 

the cvli^e^ 6 'n 9 0fth 7 i f on '“ ual >y has a Projection/hump to deflect the fresh air to sweep up to the top of 
the cylinder before flowing to the exhaust ports. This serves the following two purposes: 

(t) To scavenge the upper part of the cylinder of combustion products. 

(“) T° prevent ‘he fresh charge from flowing directly to the exhaust ports. 

The same objective can be achieved without piston deflector by proper shaping of the transfer port. 

8 .1.2. Comparison between Two-stroke Cycle and Four-stroke Cycle Engines 

• For comparison between 2-stroke cycle and 4-stroke cycle engines refer Art. 2.14. 

• For all the petrol as well diesel two-stroke engines a common disadvantage is greater 
C Tons lu °rication requirements due to one power stroke in each revolution of crank¬ 
shaft Due to higher temperature the consumption of lubrication oil is also high in two- 
stroke engines. 

8.1.3. Disadvantages of Two-stroke S.I. Engine Compared to Two-stroke C.I. Engine 

Following are the two main disadvantages from which the two-stroke S.I. engines suffer • 

1. Loss of fuel 

2 . Idling difficulty. 

• In case two cylinders are supplied the fuel after the closure of the exhaust ports, the 
uel loss will be ml and the indicated thermal efficiency of the two-stroke engine will be 

comparable as the four-stroke engine. However, in S.I. engine using carburettor, the 
scavenging4s done with fuel-air mixture and only the fuel mixed with the retained air 
is used tor combustion. 
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— In order to avoid the loss of fuel instead of carburettor fuel injection just before 
the exhaust port closure may be used. 

• At low speeds when m.e.p. (mean effective pressure) is reduced to about 2 bar, the two 
stroke S.I. engine runs irregularly and may even stop. This is owing to large amount of 
residual gas (more than in 4-stroke engine) mixing with small amount of charge. At low 
speeds there may be backfiring due to slow burning rate. 

— Fuel injection improves idling and also eliminates backfiring as there is no fuel 
present in the inlet system. 

In case of C.I. engine there is neither fuel loss (as the charge is only air) nor difficulty in idling 
since there is no reduction in fresh charge (air). 

8.1.4. Reasons for Use of Two-stroke C.I. Engines for Marine Propulsion 

Two-stroke C.I. engines find wide use in marine propulsion for the following reasons : 

1. More uniform torque, the ideal requirement for the propeller. 

2 . More cooling is required in two stroke engines, plenty of sea water is available for cooling. 

3. In C.I. engines there in no loss of fuel in scavenging. Hence they have higher thermal 
efficiency. 

4. Propeller imposes the condition that maximum power must be developed at about 
lOOr.p.m. Two stroke engines may be made of slow speed , and with large displacement volume 
(over 60 cm bore) and of capacity 5000 kW and above. These slow speed engines can be coupled 
directly to the propeller of the ship, wihtout the necessity of gear reduction. 

• For marine propulsion, two-stroke C.I. opposed engine (cross-head type) is mainly used. 

8.1.5. Reasons for the Use of Two-stroke S.I. Engines for Low Horse Power Two 
Wheelers 

• When applied to S.I. engines, the Two-stroke cycle engine has certain disadvantages 
which have restricted its use to small low horse power engines. 

— In S.I. engines the charge consist of a mixture of air and fuel. During scavenging 
both, inlet and exhaust ports are open simultaneously for sometime. Some part of 
the fresh charge escapes with exhaust which results in higher fuel consumption and 
lower thermal efficiency. 

0 For small two-wheeler engines the fuel economy is not a vital factor. Here light¬ 
weight and low initial cost are the main considerations , which are the main 
characteristics of two-stroke S.I. engines. 

8 .2. INTAKE FOR TWO STROKE CYCLE ENGINES 

• In two stroke cycle engines inlet air must be input at a pressure greater than atmos¬ 
pheric. At the start of the intake process, following blowdown, the cylinder is still filled 
with exhaust gas at atmospheric pressure. There is no exhaust stroke. Air under pres¬ 
sure enters the cylinder and pushes most of the remaining exhaust residual out of the 
sfill-open exhaust port. This is called scavenging. When most of the exhaust gas is out, 
the exhaust port closes and the cylinder is filled with tpfj' 

— At part throttle, inlet pressure is low, and this results in poorer scavenging. 

0 Generally following two methods are used for putting air into the cylinders : 

(i) Through normal intake valves ; 

(ii) Through intake slots in the cylinder walls. 

— The intake air is pressurised using a supercharger, turbocharger, or crankcase 
compression. 
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• There are open combustion chambers in the two stroke cycle engines. It would be 
extremely difficult to get proper scavenging in a cylinder with a divided chamber. 

• In some automobile engines standard-type superchargers are used and the air is input 
through intake valves with no fuel added. The compressed air scavenges the cylinder 
and leaves it filled with air and a small amount of exhaust residual. After the intake 
valve is closed, fuel is injected directly into the combustion chamber by injectors mounted 
in the cylinder head. This is done to avoid HC pollution from fuel passing into the 
exhaust system, when both exhaust and intake valves are open. In some automobile 
engines, air is injected with the fuel. This speeds evaporation and mixing, which is 
required because of the very short time of the compression stroke. 

— Fuel injection pressure is of order of 500 to 600 kPa, while air injection pressure is 
slightly less at about 500 kPa. 

— For “S.I. engine ” fuel injection occurs early in the compression stroke, immedi¬ 
ately after the exhaust valve closes. In “C.I. engines" the injection occurs late in 
the compression stroke, a short time before combustion starts. 

• In just about all two stroke cycle engines, due to cost , crankcase compression is used 
to force air into and scavenge the cylinders. 

— In these engines, air is introduced at atmospheric pressure into the cylinder below 
the piston through a one-way valve when the piston is near T.D.C. The power 
stroke pushes the piston down and compresses the air in the crankcase, which has 
been designed for this dual purpose. The compressed air then passes through an 
input channel into the combustion chambers. In modern automobiles engines the 
fuel is then added with injectors, as with supercharged engines the fuel is then 
added with injectors, as with supercharged engines. In small engines the fuel is 
usually with a carburettor to the air as it enters the crankcase. This is done to 
keep the cost down on small engines, simple carburettors being cheap to build. 
The fuel injectors will probably become more common as pollution laws become 
more stringent. 

• In case of two stroke cycle engines using crankcase compression, lubricating oil must 
be added to the inlet air. The crankcase in these engines cannot be used as the oil 
reservoir as with most other engines. Instead, the surfaces of the engine components 
are lubricated by oil vapour carried by the intake air. In some engines, lubricating oil 
is mixed directly with the fuel and is vaporised in the carburettor along with the fuel. 
Other engines have a separate oil reservoir and feed lubricant directly into the intake 
air flow. Two negative results occur beacuse of this method of lubrications : (i) Some oil 
vapour gets into the exhaust flow during valve overlap and contributes directly to HC 
exhaust emissions ; (ii) Combustion is less efficient due to the poorer fuel quality of the 
oil. 

— Engines which use superchargers or turbochargers generally use standard pres¬ 
surised lubrication systems, with crankcase serving as the oil reservior. 

0 In order to avoid an excess of exhaust residual no pockets of stagnant flow or dead 
zones can be allowed in the scavenging process . This is controlled by : 

( i ) The size and position of the intake and exhaust slots or valves ; 

(ii) The geometiy of the slots in the wall; 

(iii) The contoured flow deflectors on the piston face. 

8.3. SCAVENGING PROCESS 

• In a two stroke engine because of non-availability of an exhaust stroke (unlike four- 
stroke engine) at the end of an expression stroke, its combustion chamber is left full of 
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«• <*-» ■"** 

between the end of the expansion stroke and !tart of th/ ery short „ d “ ration available 

• The efficiency of a two stroke engine greasy d TjL “ ° fchaT ^ 

enging process. ^ 7 d pends on the effectiveness of the scav- 

Inadequate /poor /bad scavenging leads to the following : 

‘ y Whkh reSUltS in high weight and high cost 

" w “ »*—h* -*»*. Mog 

* ^KSKZ,n 

(«) Blowdown. With the opening of exhaust norts th* . . 

the end of expansion stroke discharge simultan™, eXi f ,De in the cylinder at 

quently the pressure of main cylinder drone t s y ,nto exhaust manifold ; conse- 
enge air manifold. This jZ*£X *“ in scav ' 

enge mS^ Cyhnde ’' 3 V3lue slightl y «*an a“ure .ns^e ££ 

m «* “r ? ii ”—«- ■«.- 

haust ports are closed. The scavenee air ^ and ends at the moment the ex- 
the main cylinder at the end of snontan^m^ T* resid ual gases remaining in 
pletely as possible with fresh charge * ** “*** and replaces them as com - 

—t** «• *-> *«. 

This last phase results in better filling of e thr^hnder. reSSUre “ *** Cyl ‘ nder rises ' 
cylinder of a typiMHwfs n troke°en S ^ne. preSSure ' crank ang,e (P-«) for a loop-scavenged 

is 1.013 bar (atmrapheric)! PreSS10n fr ° m B D When the exhaust Pressure 

—* After the exhaust port opens at 70° before T D r f u 

rapidly in the blowdown process (The h P , re f ur J e ln the cylinder falls 

from the point exhaust fortopenfto tt nZV^ 35 ** ° mnk an * le 

exhaust pressure). In practice due to inertia effect ^, cyhnder P ress ^ re reaches 
the pressure in the cylinder normally falls hot fJ* g . 3SeS after the bl °wdown 
degrees. Immediately after the exhaust f ° W the exhau st pressure for a few 
open. The interval may be oFtteorter S TZ ** l nIet f* also begi - to 
cylinder pressure below scaven^ng pressure ^ ^ ^ in 

the cylinder and continues as hJL tb\. f sh charge gets introduced in 
pressure becomes more than pessure in the ‘ S ° Pen ' ^ ** t0tal inlet 
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Fig. 8.4. Scavenging process onp-0 for a loop*scavenged 
cylinder of a typical two stroke engine. 

— Whereas the gases flow into the inlet ports, the exhaust gases continue to flow out 
of exhaust port, due to the fact that these started in this direction at high velocity 
during blow-down. Also due to the fresh mixture entering through inlet port there 
is building up of pressure in the cylinder higher than the exhaust system pressure. 

— Scavenging angle. It is defined as the crank angle during which both inlet and 
exhaust ports are open. 

— Scavenging period. It is the time period taken for scavenging angle. 

• After the closure of the two ports, cycle is completed by compression, combustion and 
expansion in the cylinder as in 4-stroke engine. 

Theoretical Scavenging Processes : 

Following are the three theoretical scavenging processes : 

1. Perfect scavenging. 

2 . Perfect mixing. 

3. Short circuiting. 

1, Perfect scavenging 

• In this type of scavenging, fresh air pumped into the cylinder by the blower through the 
inlet ports at the lower end of cylinder pushes the combustion products ahead of itself 
and of the cylinder through the exhaust valve at the other end. 

• The air and combustion products do not mix together. 

• So long as any products remain in the cylinder, the flow through the exhaust valves 
consists of products only. 

2 . Perfect mixing 

• In this process, the incoming fresh charge mixes completely and instantaneously with 
the cylinder contents and a portion of this mixture passes out of exhaust ports at a rate 
equal to that entering the cylinder. 

• The outgoing (homogeneous) mixture consists initially of combustion products only but 
then gradually changes to pure air. 
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• Since the result of this process closely approximates the result of many actual scaveng¬ 
ing processes, therefore, it is often used as a basis of comparison. 

3. Short-eirctfitmg 

• In this process, the fresh charge coming from the scavenge manifold directly goes out of 
exhaust ports without removing combustion products /gases. 

• It results in a dead loss and its occurence must be checked/avoided. 


8.4. SCAVENGING PARAMETERS 

• For the same power generation, more air input is required in a two stroke cycle engine 
than in a four stroke cycle engine. This is because some of the air is lost in the overlap 
period of the scavenging process. 

• A number of different intake and performance efficiencies are defined for the intake 
process of two stroke cycle engine. 

• Volumetric efficiency of a four-stroke cycle engine can be replaced by either delivery 
rati° (Ry^) or charging efficiency (q ch ) : 

Delivery ratio - R def = ...(8.1) 

•'aPa 

Charging efficiency * ^ = Bat ...(8.2) 

V gPor 

where, = Mass of air-fuel mixture ingested into the cylinder, 

m mt ~ sir-fuel mixture trapped in cylinder after all valves are closed, 

V 9 - Swept volume, and 
P* = Density of air at ambient conditions. 

Typical values : 0.65 < R^ L < 0.95 
tt.50 < < 0.75. 

Delivery ratio is greater than charging efficiency because some of the air-fuel mixture 
mgestedi into the cylinder is lost out of the exhaust port before it m clbsed. 

In case of these engines that reject fuel after the valves are closed, the mass of mixture 
in these equations (8.1 and &2) should be replaced with the mass of ingested air. Some¬ 
times', mtofamt air density is replaced by the density of air in the inlet runner down¬ 
stream of the supercharger. 

Other efficiencies : 



Tltwppjageffiafeney = HW; * m TlA 

Tr hni 

...(8.3) 


Sswtusattfftg effifetency = n = ^ 

...(8.4) 

< 

Hefetive eftafge - C . = 

r.p*. iw 

...(8.5) 


where = Mass of total charge trapped in the cylinder, including exhaust r esidual 
typical values 0.68 < < 0,80 

0-75 < < 0.90 

<0.90. 
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Pressure loss co-efficient. It is defined as the ratio between the main upstream and 
downstream pressures during the scavenging period and represents the pressure loss to which 
the scavenge air is subjected when it crosses the cylinder. 

Excess air factor <X). The value (tf^-l) is called the excess air factor. Thus if the 
(delivery ratio) is 1.3 the excess air factor is 0.3. 

Measurement of Scavenging Efficiency. 

The following procedure is adopted in diesel engines for measuring the scavenging efficiency : 

• A small sample of the combustion products is drawn just before the exhaust valve 
opens or during the earlier part of blowdown. 

• The sample is analysed. 

• The results obtained are compared with standard curves of exhaust products vs. FI A 
ratio. This determines the FlA ratio that must have existed in the cylinder before 
combustion. 

• Knowing the quantity of fuel injected per cycle, the quantity of fresh air retained in the 
cylinder per cycle is determined. Air present in the residual gas is not considered as it 
represent a constant quantity which does not participate in combustion process. 


8.5. SCAVENGING SYSTEMS 

Different scavenging systems/arrangements based on charge flow are enumerated and de¬ 
scribed below : 

1. Uniflow scavenging 

2. Loop or reverse scavenging 

3. Cross scavenging. 

1 . Uniflow scavenging : 

It is the most perfect method of scavenging: 

• The fresh charge is admitted at one end of the blinder and the exhaust escapes at the 
other end. The witftem is from end to end, and Me shorl-circaitmg between the intake 
and exhaast openings is passable. 

• The three available arrangements for uniflow scavenging are show© in Eig.8.5. 
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~ iTZentbe. [Fig ' 85 ( “ )] t0 admit the inl6t Charge ° r f0r the ^aust, as 

— In Fig. 8.5 (6) the inlet and exhaust ports are both controlled by separate pistons 
that move in opposite directions (opposed piston engines). 

“ l a fp!Lnlnd .SOT' 64 ^ ***** P<>rtS C ° ntr ° lUd b > the combi ™ d motion 

• All uniflow systems permit unsymmetrical port timings and supercharging 

• Due to absence of any eddies or turbulence (at least theoretically) it is easier in n 
uniflow scavenging system to push the combustion products out of the cylinder with 

°ing "efficiency. * ** drCUiting - Thus this s - vstem the highest scaveng. 

• Which t -n S syste ™ s requir , es eithe „ r opposed systems, poppet valves or sleeve valve (all of 

hich increase the complication) its construction is not simple. 

2 . Loop or reverse scavenging : 

• same^TTh^ 6 f'°° P ?* VeD ? e ’ Fig - 86 - <W- *6 exhaust and inlet ports are on the 
same side, the exhaust above the inlet 

• In the Schnuerle type, Fig. 8.6. (6), the ports are side by side. 

The Curtis type of scavenging, Fig. 8.6 (c), is similar to the Schnuerle type excent that 
upwardly directed inlet ports are placed also opposite the exhaust ports 
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• Owing to the absence of cams, valves and valve gear, loop or reverse scavenged engines 
are simple and sturdy. They have a high resistance to thermal stresses and are thus 
much suited to higher supercharge. 

• In a loop scavenged two stroke engine, the major mechanical problem is that of obtain¬ 
ing an adequate oil supply to the cylinder wall consistent with reasonable lubricating 
oil consumption and cylinder wear. 

3. Cross-scavenging 

In this system the inlet and exhaust ports are 
located on opposite sides of the cylinder (Fig. 8.7). 

The incoming flow is directed upwards by the de¬ 
flector on the piston, and the cylinder head reverses the 
direction of flow, so that exhaust gases are forced through 
the exhaust port. 

• In this type of arrangement the engine is 
structurally simpler than that with the 
uniflow scavenging (due to the absence of 
valves, distributors, and relative drive de¬ 
vices). 

• The main demerit of this system is that scav¬ 
enging air is not able to get rid of the layer of 
exhaust gas near the wall resulting in poor 
scavenging. A small portion of fresh charge 
goes directly into the exhaust port. These fac¬ 
tors contribute towards poor b.m.e.p. of the 
cross-scavenged engines. 

8 .6. CRANKCASE SCAVENGING 

This type of scavenging arrangement is employed 
and is shown in Fig. 8 . 8 . 

In this engine, the charge (fuel-air mixture in S.I. engine and air in C.I. engine) is com¬ 
pressed in the crankcase by the underside of the piston during the expansion stroke. There are 
three ports in this engine-intake port at the crankcase, transfer port and the exhaust port. The 
compressed charge passes through the transfer port into the engine cylinder flushling the products 
of combustion. This process is called scavenging , and this type of engine is called crankcase scav¬ 
enged engine . 

• As the piston moves down, it first uncovers the exhaust ports, and the cylinder pres¬ 
sure drops to atmospheric level as the combustion products escape through these ports. 

• Further downward motion of the piston uncovers the transfer ports, permitting the 
slightly compressed mixture or air (depending upon the type of engine) in the crank¬ 
case to enter the engine cylinder. The top of the piston and the ports are usually shaped 
in such a way that the fresh charge is directed towards the top of the cylinder before 
flowing towards the exhaust ports. This is for the purpose of scavenging the upper 
part of the cylinder of the combustion products and also to minimize the flow of fresh 
charge directly through the exhaust ports. The projection on the piston is called the 
deflector. 

• As the piston returns from B.D.C. the transfer ports and then the exhaust ports are 
closed and the compression of the charge begins. Motion of the piston during compres¬ 
sion lowers the pressure in the crankcase so that the fresh charge is drawn into the 
crankcase through the inlet reed valve. 




the simplest type of two stroke engine, 
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Fig. 8.8. Crankcase-scavenged two stroke engine. 

• Ignition and expansion take place in the usual way, and the cycle is repeated. 

Demerits : 

1. This system is very uneconomical and inefficient in operation. This is owing to the fact 
that amount of air which can be used for scavenging is less than the swept volume of the 
cylinder due to low volumetric efficiency of the crankcase which contains a large dead 
space. Thus the delivery ratio (R^) is always less than unity and as such it is not 
possible to scavenge the cylinder completely of the combustion products and some re¬ 
sidual gases always remain in the cylinder. Consequently the crankcase-scavenged en¬ 
gine has a lower m.e.p., typical valves being 3 to 4 bar. Since the charge transferred 
through the transfer port is only 40-50 percent of the cylinder volume, the engine output 
is strictly limited. 

2. Due to mixing of the oil vapours from the crankcase with the scavenging air, oil con¬ 
sumption is increased. 

In view of the above demerits the crankcase scavenging is not preferred and a scavenging 
pump is essential for a high output two stroke engine. 

8.7. SCAVENGING PUMPS AND BLOWERS 

Since the piston of a two stroke engine cannot carry out the pumping action, therefore, a 
separate pumping mechanism, called the scavenging pump, is needed to supply scavenging air to 
the cylinder. 

J Following types of pumps are used : Crankcase compression (Refer Art. 8.6), piston, roots 

and centrifugal blowers. 

• Piston type pump shown in Fig. 8.9 is used for low speed and single or two cylinder 
engines. 
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Fig. 8.10. Roots blower. 


1 



Fig. 8.11. Centrifugal blower. 
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• Roots blower shown in Ficr. 8 10 is n 

• Centrifugal blower shown in Fie 8 11 • f W °? medium engines. 

wer shown m Fig. 8.11 ,s employed for large and high output engines. 


highlights 


against two revolu^ToffoiS^teoke 0 ™^ 1611 “ tW ° Strokes ’ U one revolution of the crankshaft as 

5 ' (SSr COnSiStS ° fthe Caaeds ^en g! ng P roces S . 

(Hi) Scavenging'™ 00 BIowdovm 

I -— 

8. Theoretical scavenging processes are : g 

(t) Perfect scavenging; _ _ 

(««) Short-circuiting. Perfectmi ™g; 

9. Soavengingsystems. based on charge flow, are classified as follows • 

u; Unitlowscavenging .... r 

dm Cross scavenging. “ L °° P ° r reVerSe scav ™ging 


| OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say “Yes” or “No” : 

1. In a two stroke engine instead of valves. are used 

4. In a two stroke cycle engine inlet air must be ■ 7 f^** 1 “** *” **“ mam consider ations. 

fresh air charge tobTbum™'ft,'^k Pr ° dUCtS ‘ n the CyIinder *®» Previous power stroke with 

9 .“*?*/! C ( rank angle durin S whicl > both inlet and exhaust ports are open 

1 .P enod >s the time period taken for scavenging angle P 

' - * —* manifold directly goes out of 

!yT e nZ eP ° WergeneTati0n . a ' r input is required in a two stroke cycle engine than in a four stroke 

12. Delivery ratio is smaller than charging efficiency. 

' the scaven2r^(wiod. degned ^ ^ rSt '° between ^ main upstream and downstream pressures during 

14. The valve (R M -1) is called the.air factor. 

15 .scavenging system has the highest scavenging efficiency. 
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16. In.scavenging, the fresh air first t>. > eeps across the piston top, moves up and then down and finally out 

through the exhaust. 

17. In.scavenging system the inlet and exhaust ports are located on opposite sides of the cylinder. 

18. Crankcase scavenging arrangement is very uneconomical and inefficient in operation. 

19. Piston type pump is used for high speed engines. 

20. Roots blower is used for small and medium engines. 


ANSWERS 


h 

ports 

2. Yes 

3. Yes 

4 No 

5, Yes 

a 

superchargers 

7. Scavenging 

8. Scavenging 

9. Scavenging 

10. Yes 

ii. 

more 

12. No 

13. Pressure 

14 excess 

15. Uniflow 

16. 

loop 

17. cross 

18. Yes 

19. No 

20. Yes. 


THEORETICAL QUESTIONS 


1. “In a 2 stroke engine it is better to have deflector top type piston”. Justify the statement. 

2. Discuss the two main disadvantages of two-stroke cycle S.I. engine. How are these disadvantages avoided 
in the two stroke cycle C.I. engine ? 

3. Discuss briefly Mist lubrication system*. 

4 Why do the two stroke C.I. engine find wide use in marine propulsions ? 

5. Why are two stroke S.I. engines more commonly used in low horse power two wheelers ? 

6. Why is crankcase scavenging used only for low power engines ? 

7. Why are two stroke diesel engines, for large power, more common than two-stroke S.I. engines ? 

8. What is the reason that two-stroke engine is not used in car even though it develops theoretically twice 
power than that of four-stroke engine ? 

9. Explain with suitable sketches the following scavenging processes : 

(r) Uniflow scavenging (ii) Loop scavenging. 

10. Explain briefly crankcase scavenging. 

11. Explain the scavenging process in two stroke engine. Disucss three scavenging processes used in two- 
stroke engine. 

12. Define scavenging and scavenging efficiency. Explain with sketches different scavenging arrangements 
based on charge flow. 

13. How the valve timings of a two stroke engine differ from that of four stroke cycle engine ? 

14. What is the difference between the valve timing of a crankcase-scavenged and supercharged two stroke 
engine ? 

15. Compare the relative merits and demerits of different scavenging systems. 

16. How is the supercharging of two stroke engines done ? 
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Chemical Thermodynamics and 
Fuels (Conventional and Alternative) 


C he mistry - F uel 8 _c ombustion 
M 3 ] vsis of Dradu^A T d TT air ~ Stoichiomet ric air fuel (A IF) ratio-Air-fuel ratio from 
Enth a Wn?fc ^ ^ a il y f IS ,°/ 6XhaUSt ™ d flue 8 BS —Internal energy and enthalpy of reaction- 
equilibrium Artnnl° n b f ^7 eat “* g values of fuels—Adiabatic flame temperature—Chemical 
D “ fr e hlTn ^- combushon analysis. 9. 2 . Conventional fuels (for I.C. engines^Introduction- 

sirable properties of good I.C. engine fuels—Gaseous fuels—Liquid fuels—Structure of 

rating T^I enlinr ° f ' Crude oil - Fue,s spark-ignition engines-Knock 

9.3. AltematL fi,?!, f ^-Miscellaneous properties of S.I. engines fuels-Diesel fuel, 
alternative fuels Alcoh 1 Ai*^ < -' eneraI aspects—Advantages and disadvantages of using 
LPG^dLNTcohol-Alcohol-gasolme fuel blends-Hydrogen-Natural gas (methane)- 

Qu^tions—Unsol I v^Ei^mples EXamP ^ eS Objective Type Questions Theoretical 


9.1. CHEMICAL THERMODYNAMICS 

9.1.1. General Aspects 

importSt C t h opTc C A 11 ^ 1 ^°! Sy8tems invol ™g ^emical reactions is an 

9.1.2. Basic Chemistry 
USe ^ Moms- f0rmUlaeg 

abided atom does 'not retain the^iLlchZ^opeZT " “ “ nUdear reaCti0n ’ the 

Molecules: 

-hid. lli’t f **”■ S »™ h.™ atoms 
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has a molecule which consists of two atoms of hydrogen and one atom of oxygen. The atoms of 
different elements have different masses and these values are important when a quantitative analysis 
is required. The actual masses are infinitesimally small, and the ratios of the masses of atoms are 
used. These ratios are indicated by atomic weight quoted on a scale which defines 'the atomic 
weight of oxygen as 16. 

The symbols and molecular weight of some important elements, compounds and gases are 
given in the Table 9.1. 


Table 9.1. Symbols and Molecular weights 


Elements l Compounds / Gases 

Molecule 

Atom 

Symbol 

Molecular 

weight 

Symbol 

Molecular 

weight 

Hydrogen 


2 

H 

1 

Oxygen 

o 2 

32 

O 

16 

Nitrogen 

n 2 

28 

N 

14 

Carbon 

c 

12 

C 

12 

Sulphur 

s 

32 

S 

32 

Water 

HjjO 

18 

— 

— 

i Carbon monoxide 

CO 

28 

— 

— 

Carbondioxide 

co 2 

44 

— 

— 

Sulphurdioxide 

S0 2 

64 

— 

— 

Marsh gas (Methane) 

ch 4 

16 

— 

— 

Ethylene 

ca 

28 

— 

— 

Ethane 

C 2 He 

30 

— 

— 


9.1.3. Fuels 

Fuel may be chemical or nuclear. Here we shall consider briefly chemical fuels only. 

A chemical fuel is a substance which releases heat energy on combustion. The principal com¬ 
bustible elements of each fuel are carbon and hydrogen. Though sulphur is a combustible element 
too but its presence in the fuel is considered to be undesirable. 

Fuels can be classified according to whether : 

(i) they occur in nature called primary fuels or are prepared called secondary fuels ; 

(it) they are in solid, liquid or gaseous state. The detailed classification of fuels can be given 
in a summary form as follows : 

Type of fuel Natural (Primary) Prepared (secondary) 

Solid Wood Coke 

Peat Charcoal 

Lignite coal Briquettes 

Liquid Petroleum Gasoline 

Kerosene 
Fuel oil 
Alcohol 
Benzol 
Shale oil 
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NaturaI « as Petroleum gas 

Producer gas 

' Coal gas 

Coke-oven gas 
Blast furnace gas 
Carburetted gas 

Solid fuels: SeWergas 

to their^cl^emical i Tnd > physical i properties ) >4naccu S TT ^7 divided int ° *™ pa —rding 
elements in the fuel is called the ultimate analyses Me 77° a ’* alysis by mass °f the important 
hydrogen, nitrogen and sulphur. AnoZ anaW of tlTed USUal ‘ y bdng carbon ’ 

percentages of moisture, volatile matter combZtihle lAt j proxunate analysis, gives the 
carbon is found as a remainder bTdldMZ, the i 1 7 *"* Carb ° n) > and «*■ The fixed 
matter includes the water derived from theMeiST^ 68 ° ther quantities - The volatile 
gases Ug. H 2 , CH 4 , C 2 H 6 etc.), Ind Z decompos.t.on of the coal, the combustible 

Liquid fuels : 

Most of the liquid fuels are hydro-carbons which exist in th* r a u 
conditions. Petroleum oils are conmlex mixture ! the hquid phase at atmospheric 

necessary information to of 'fuels, but the 

ultimate analysis. ^ he re ' atlVe propOrtl0ns * C, H 2 , etc. as given by the 

Gaseous fuels ; 

rally group. Some gaseous fuels exist natu- 

fuels are manufactured by the v^ouTtreatments of co^f PO ■ ^ “ 3 Paraffin - ° ther gaSeous 

a constituent of other gas mixtures, and is also a product of SSH 

9.1.4. Combustion Equations 

reactio ^^ T \ nd ^ enter where * a ^emical 
mass the mass flow remains constant (i e tota/MM S . paS ® to the exhaust - B y the conservation of 
reactants are chemically different from the Droduets ° tp ^7 Ucts " total mass of reactants), but the 
ture. The total number of atomTofeMtZ^' A ' eaVe 8t 8 hi ^ ‘»ipera- 

the atoms are rearranged into groups havins different™!, Combustlon remains constant, but 

pressed in the chemicfl equati^Xich Zvl f>T This information is ex- 

fit) the relative quantities of the reactantTand ^ the pr ° ducts °f combustion, 

consistent, each having the same number of atoms" ofMchlXnt invdvX eqU3ti ° n mUSt * 

sary to X aad * is neces- 

calculations to take air as 23 3% O 76 7%N a ^ Ume ' 1S usual In combustion 

traces of other gases in dry air are'incluld in nMM' f l °” ?9% ^ by volume - The sma “ 
nitrogen’. 7 nC ' Uded W nltr °g“. whtch is sometimes called 'atmospheric 

Some important combustion equations are given below : 

1. Combustion of hydrogen : 

2 H 2 + ° 2 = 2H 2 ° (9i) 
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The above equation of combustion of hydrogen tell us that: 

(i) Hydrogen reacts with water to form steam or water. 

(ii) Two molecules of hydrogen react with one molecule of oxygen to give two molecules of 
steam or water, 

i* e «> 2 volumes H 2 + 1 volume 0 2 -> 2 volumes HgO 

The H 2 0 may be liquid or a vapour depending on whether the product has been cooled suffi¬ 
ciently to cause condensation. 

The proportions by mass are obtained by using atomic weights as follows : > 

2H 2 + 0 2 ->2H 2 0 

2(2 x 1) + 2 x 16—» 2(2 x 1 + 16) ■ . 

> 4 kg H 2 + 32 kg 0 2 -> 36 kg H 2 0 

or 1 kg H 2 + 8 kg 0 2 -> 9 kg H 2 0 

The same proportions are obtained by writing the equation (9.1) as : 

H 2 + rr0 2 - > H 2 0, and this is sometimes done. 

It will be noted from equation (9.1) that the total volume of the reactants is 
2 volumes H 2 + 1 volume 0 2 = 3 volumes. 

The total volume of the product is only 2 volumes. There is therefore a volumetric contrac¬ 
tion on combustion. 

Since the oxygen is accompanied by nitrogen if air is supplied for the combustion, then this 
nitrogen should be included in the equation. As nitrogen is inert as far as chemical reaction is 
concerned, it will appear on both sides of the equation. 

With one mole of oxygen there are 79/21 moles of nitrogen, hence equation (9.1) becomes, 


2H 2 + 0 2 + gN 2 

-> 2H 2 0 + If N 2 

...(9.2) 

2. Combustion of carbon : 



( i ) Complete combustion of carbon to carbondioxide 


c + o 2 — 

^co 2 

...(9.3) 

and including the nitrogen, 



c + o 2+ |f n 2 - 

^co 2+ If n 2 

...(9.4) 


By volume : 


0 volume C + 1 volume 0 2 + || volumes N 2 - > 1 volume C0 2 + || volumes N 2 

The volume of carbon is written as zero since the volume of solid is negligible in comparison 
with that of a gas. 

By mass: 


12 kg C +.(2js 1.6) kg 0 2 + || (2 x 14) kg N 2 -> (12 + 2 x 16) kg C0 2 + g (2 x 14) N 2 

12 kg C + 32 kg 0 2 + 105.3 kg N 2 —44 kg C0 2 + 105.3 kg N 2 


79 


, _ _ 8 105.3 

1 kg C + - kg 0 2 + kg N 2 


~ kg C0 2 + —kg N 2 . 


3 -ns ~ 2 12 - 2 ' 3 ^ 12 ^ ^2* 

(ii) The incomplete combustion of carbon. The incomplete combustion of carbon occurs 
when there is an insufficient supply of oxygen to burn the carbon completely to carbondioxide. 

2C + 0 2 -> 2CO ...(9.5) 
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and including the nitrogen, 

79 7Q 

2C + 0 2+ —N 2 —>2C0 + —N 2 

By mass : 


INTERNAL COMBUSTION ENGINES 


...(9.6) 


i.e ., 
or 


/ u 

2(12 + 16) kg CO + — (2 x 14) kg N 2 


79 

(2 x 12) kg C + (2 x 16) kg 0 2 + — (2 x 14)kgN 2 

24 kg C + 32 kg 0 2 + 105.3 kg N 2 -> 56 kg CO + 105.3 kg N 2 

1 kg C+ | kg0 2 + kg N 2 —» | k gC0 + ig® kgN 2 
If a further supply of oxygen is available then the combustion can continue to completion. 


By mass : 


79 

200 + ° 2 +— N 2 


79 

>2 c ° 2+ ~N 2 


...(9.7) 


or 


56 kg CO + 32 kg 0 2 + — ~ 
1 kg CO + | kg 0 2 + 


kgN 2 — 

-» 88 kg C0 2 + 

79x28 

21 kgR 

kgN 2 — 

11 

105.3 

-> Y kg co 2 + 

56 **** 


9.1.5. Theoretical Air and Excess Air 

The .minimum amount of air that supplies sufficient oxygen for the complete combustion of 
all the carbon, hydrogen, and any other elements in the fuel that may oxidise is called the “theo¬ 
retical air”. When complete combustion is achieved with theoretical air, the products contain no 
oxygen. 


In practice, it is found that complete combustion is not likely to be achieved unless the 
amount of air Supplied is somewhat greater than the theoretical amount. Thus 150 per cent theo¬ 
retical air means that air actually supplied is 1.5 times the theoretical air. 

The complete combustion of methane with minimum amount of theoretical air and 150 per 
cent theoretical air respectively is written as : 


CH 4 + 20, + 2 N 2 -> CO, + 2HjO + 2 [||] N 2 ...(9.8) 

CH 4 + 2(1.5) 0 2 + 2 [||] (1.5) N 2 -> CO z + 2H 2 0 + 0 2 + 3 [||] N 2 ...(9.9) 

(with 150 per cent theoretical air) 
The amount of air actually supplied may also be expressed in terms of percent excess air. 
1 he excess air is the amount of air supplied over and above the theoretical air. Thus 150 per cent 
theoretical air is equivalent to 50 per cent excess air. 

F° r complete combustion of fuel we need air. As per theoretical basis there is a minimum amount 
ot air which is required by the fuel to burn completely, but always, air in excess is used because whole of air 
supplied for combustion purposes does not come in contact with the fuel completely and as such portion of fuel 
may be left unburrk , But if a large quantity of excess air is used it exercises a cooling effect on combustion process 
which however can be avoided by preheating the air. The weight of excess air supplied can be determined from the 
weight of oxygen which is left unused. The amount of excess air supplied varies with the type of fuel and the 
firing conditions. It may approach a value of 100% but modem practice is to use 25% to 50% excess' air. 

9.1.6. Stoichiometric Air-Fuel (A/F) Ratio 

Stoichiometric (or chemically correct) mixture of air and fuel is one that contains just suffi¬ 
cient oxygen for complete combustion of the fuel. 


*1 
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A weak mixture is one which has an excess of air. 

A rich mixture is one which has a deficiency of air. 

The percentage of excess air is given as under : 

Actual A/F ratio - stoichiometric A /F ratio 

%age excess air =- c . . ,. - . . . ^ - ...(9.10) 

Stoichiometric A fr ratio 

(where A and F denote air and fuel respectively). 

The ratios are expressed as follows : 

For gaseous fuels By volume 

For solid and liquid fuels By mass 

For boiler plant the mixture is usually greater than 20% weak ; for gas turbines it can be as 
much as 300% weak. Petrol engines have to meet various conditions of load and speed, and operate 
over a wide range of mixture strength. The following definition is used : 

Stoichiometric A /F ratio 

Mixture strength = Actual A/F ratio • (9 U) 

The working value range between 80% (weak) and 120% (rich). 

Note. The reciprocal of the air-fuel ratio is called the fuel air F/A ratio. 

9.1.7. Air-Fuel Ratio From Analysis of Products 


When analysis of combustion products is known air-fuel ratio can be calculated by the 
following methods : 

1. Fuel composition known 

(i) Carbon balance method ( ii) Hydrogen balance method 

( iii ) Carbon hydrogen balance method. 

2. Fuel composition unknown 

Carbon-hydrogen balance method. 

1. Fuel composition known : 

(i) Carbon balance method. When the fuel composition is known, the carbon balance method 
is quite accurate if combustion takes place with excess air and when free (solid) carbon is not present 
in the products. It may be noted that the Orsat analysis will not determine the quantity of solid 
carbon in the products. 

(ii) Hydrogen balance method. This method is used when solid carbon is suspected to present. 

(iii) Carbon hydrogen balance method. This method may be employed when there is some 
uncertainty about the nitrogen percentage reported by the Orsat analysis. 

2. Fuel composition unknown : 

When the fuel composition is not known the carbon-hydrogen balance method has to be 
employed. 

9.1.8. Analysis of Exhaust and Flue Gas 

The combustion products are mainly gaseous. When a sample is taken for analysis it is 
usually cooled down to a temperature which is below the saturation temperature of the steam 
present. The steam content is therefore not included in the analysis, which is then quoted as the 
analysis of the dry products. Since the products are gaseous, it is usual to quote the analysis by 
volume. An analysis which includes the steam in the exhaust is called a wet analysis. 

Practical analysis of combustion products 

The most common means of analysis of the combustion products is the Orsat apparatus 
which is described on next page. 
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Construction. An Orsat’s apparatus consists of the following : 

( i ) A burette 
(it) A gas cleaner 

(fit) Four absorption pipettes 1, 2, 3, 4. 

Q , T , he pip ®* tes are interconnected'by means of a manifold fitted with cocks <? Q q c 

and density of the gas. The pipettes 1, 2, 3, “ temperatUre 

Pipette 1 : Contains 'KOH ’ (caustic soda) to absorb C0 2 (carbondioxide) 

.pette 2 : Contains an alkaline solution of'pyrogallic acid’ to absorb O, (oxygen) 

Farther more Tf **?" ° f ‘ CUpr0U8 *° abs ° rb C0 (-rbonmonoxide) 

ratus either to gases or toTmiphe^ 3 ^ ^ ** * Way COck to «= *• appa- 



-Burette 


-Water 


rig. 9.1. Orsat apparatus. 
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thus absorbed is read on the scale of the measuring bottle. The flue gas is then forced through the 
pipette 1 for a number of times to ensure that the whole of the C0 2 is absorbed. Further, the 
remaining flue gas is then forced to the pipette 2 which contains pyrogallic acid to absorb whole of 
0 2 . The reading on the measuring burette will be the sum of volume of C0 2 and 0 2 . The oxygen 
content can then be found out by subtraction. Finally, as before the sample of gas is forced through 
the pipettes 3 and 4 to absorb carbonmonoxide completely. 

The amount of nitrogen in the sample can be determined by subtracting from total volume 
of gas the sum of C0 2 , CO and 0 2 contents. ) 

Orsat apparatus gives an analysis of the dry products of combustion. Steps may have been 
taken to remove the steam from the sample by condensing, but as the sample is collected over 
water it becomes saturated with water. The resulting analysis is nevertheless a true analysis of 
the dry products. This is because the volume readings are taken at a constant temperature and 
pressure, and the partial pressure of the vapour is constant. This means that the sum of the partial 
pressures of the remaining constituents is constant. The vapour then occupies the same propor¬ 
tion of the total volume at each measurement. Hence the vapour does not affect the result of 
the analysis. 

Note. Quantitatively the dry product analysis can be used to calculate A/F ratio. This method of obtain¬ 
ing the A/F ratio is not so reliable as direct measurement of air consumption and fuel consumption of the engine. 
More caution is required when analysing the products of consumption of a solid fuel since some of the products 
o not appear in the flue gases (e.g. ash and unbumt carbon). The residual solid must be analysed as well in order 
to determine the carbon content, if any. With an engine using petrol or diesel fuel the exhaust may include 
unburnt particles of carbon and this quantity will not appear in the analysis. The exhaust from internal combus- 
tion engines may contain also some CH^ and R, due to incomplete combustion. Another piece of equipment called 
the Heldane apparatus measures the CH< content as well as C0 3 , 0 2 and CO. 

9.1.9. Internal Energy and Enthalpy of Reaction 

The first law of thermodynamics can be applied to any system. Non-flow and steady-flow 
energy equations deducted from this law must be applicable to systems undergoing combustion 
processes. 

It has been proved experimentally that the energy released, when a unit mass of a fuel 
undergoes complete combustion, depends on the temperature at which the process is carried out. 
Thus such quantities quoted are related to temperature. Now it will be shown that if the energy 
released by a fuel at one temperature is known then it can be calculated at other temperatures. 

The process of combustion is defined as taking place from reactants at a state identified by 
t e reference temperature T 0 and another property, either pressure or volume, to products at the 
same state. 

Let Uj^ = Internal energy of the reactants (which is a mixture of fuel and air) at T Q , 

Up Q ~ Internal energy of products of combustion at T 0 , 

= Internal energy of reactants at temperature T v 
U Pi = Internal energy of products at temperature T v 
= Internal energy of reactants at temperature T 2 , 

Up 2 = Internal energy of products at temperature T 2 , 

= Constant volume heat of combustion, 

Q = Heat transferred to the surroundings during the process, and 
W = Work obtained during combustion process. 
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Analysis for a non-flow process involving combustion at ‘constant volume’: 

p „„ !1 ,y h Q n C0 - b , USt r pr T SS ' S CaiTied 0ut at constant volume *en the non-flow energy 
equation, Q = (U 2 -U 1 ) + W, can be applied to give 

Q=( u p 0 -Ur,) ...(9.12) 

where, W = 0 for constant volume combustion 

u 2 = u Po 

The internal energy change is independent of the path between the two states and depends 
on y on the initial and final values and is given by the quantity Q. This is illustrated in Fig. 9.2 und 
property diagram of Fig. 9.3. The heat so transferred is called the internal energy of combustion at 
J 0 (or constant volume heat of combustion), and is denoted by A U 0 . Thus, 

au o= U Pq- U Xq ...(9.13) 

AC7 0 is a negative quantity since the internal energy of the reactants includes the potential 
chemical energy and heat is transferred from the system. 

Reactants at Products at 



Fig. 9.2 



Fig. 9.3 


* 


Visit: www.Civildatas.com 


CHEMICAL THERMODYNAMICS AND FUELS 


291 


It may be noted that in case of real constant volume combustion processes the initial and 
final temperatures will not be same as T Q (reference temperature). The change in internal energy, 
for analytical purposes, between reactants at state 1 to products at state 2 can be considered in the 
following three steps (stages): 

(t) The change for the reactants from state 1 to T Q . 

(ii) The constant volume combustion process from reactants to products at T Q . 

(Hi) The change for the products from T ^ to state 2. 

The entire process can be thought of as taking place in piston-cylinder device as shown in 
Fig. 9.4. 



Fig. 9.4 

Thus U 2 - U v the change in internal energy between states 1 and 2, can be written as 
(Up 2 - UrJ to show the chemical changes involved and this can be further expanded for analytical 
purposes as follows: 

Up 2 - u Ri = (V h - U Fc )+(U Po u Ri ) 

i.e. Up 2 - U Ri = (U Pi - U Po ) + &U 0 + (Uf^ - U R[ ) ...(9.14) 

I-1 I_I 

Products Reactants 

(iii) (ii) ( i ) 

The values of - £/j?,)and (Up 2 - Up 9 ) can be calculated from the following relations : 

Ur. - U R = “ u i? ...(9.15) 

* R 

where, ~ Tabulated value of the internal energy for any constituent at the required temperature 
T 0 or T 1 in heat unit per mole, 
n t = Number of moles of the constituent, and 

y, ss Summation for all the constituents of the reactants denoted by i. 

R 

If mass base is \^sed for tabulated values or calculation, then 

U S,- U *> ...(9.16) 

R 
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internal combustion engines 

where, «. = Internal energy per unit mass. 

ture range)^nay 6 Iwnvritteiias 1 *’ ermS of t ^ le s P ec >fic heats (average values for the required tempera- 

U *» -= X - fy = (To - r x ) 2 m,c„, 

For products, similar expressions may be written as? ^ 

U P, - U P„ =X n i ( “i» “V , . . 

Ip “• O'* ™oZe 6oszs 

U P,- u P'=%m l (ut t -Ui t ) . 

p ... on mass iaszs 

-C7 J>0 = X m < c »< (r i- 3 o) 

P 

(T 2 TJ w ‘ ... in terms of mean specz/ic Aeate 

It may be noted that n C • = me . 

A i a . * W , . 1 - Ol m 

Analysis for a steady flow or Want pressure’ combustion process: 
above will give the follow?nffexpr^raiT: e "* halpy (W are lmportant - An analysis carried out as 

h P2 -h Ri = m Pi -g P> ) + ^ + _ Hsi , (918) 


Products Reactants 

where, AH 0 = #/»„ an( j j s always negative 

Reactants : 


...(9.19) 


Products: 


, .<r 

1 

1! 

a? 

i 

53? 

• on mole basis 

...(9.20) 

h r, ~ h r, =X m < ( \ - V 

R 

...on mass basis 

...(9.21) 

11 Ro ~ H R, = X m ‘ c p. (7 0 - Fi) 

R 



= (2*0 - T t ) £m iCpi 

R 

...in terms of mean specific heats 


1 

II 

»M 

JS 

j? 

1 

> 

.. on mole basis 

..(9.22) 

£u 

1 

II 

3 

J> 

1 

JS* 

•• on mass basis 

.(9.23) 

H P% ~ H P. = X m - C Pi (7 2 ~T 0 ) 




= ^2 Tj X m * c /» •■* in terms of mean specific heats 

...[9.23(a)] 
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It may be noted that np pi = m-c pi 

From the definition of the enthalpy of a perfect gas 
H=U + pV=U + nR 0 T 

So if we are concerned only with gaseous mixtures in the reaction then for products and 
reactants 

Hp 0 = Vp 0 + VW> 

and H R* =U R* +’Ir r o T o > 

where, n p and n R are the moles of products and reactants respectively and the temperature is the 

reference temperature T 0 . 

Thus, using equations (9.13) and (9.19), we have 

AH Q = AU Q + {n p -n R )R 0 T 0 ...(9.24) 

If there is no change in the number of moles during the reaction or if the reference temperature 
is absolute zero, then A H 0 and AU 0 will be equal . 

9.1.10. Enthalpy of Formation (AH^) 

A combustion reaction is a particular kind of chemical reaction in which products are formed 
from reactants with the release or absorption of energy as heat is transferred to and from the sur- 
roundings. In some substances like hydrocarbon fuels which are many in number and complex in 
structure the heat of reaction or combustion may be calculated on the basis of known values of the 
enthalpy of formation, AHL of the constituent of the reactants and products at the temperature T 0 
(reference temperature). The enthalpy of formation (A H f ) is the increase in enthalpy when a com¬ 
pound is formed from its constituent elements in their natural form and in a standard state. The 
standard state is 25°C, and 1 atm. pressure, but it must be borne in mind that not all substances 
can exist in natural form, e.g. H 2 0 cannot be a vapour at 1 atm. and 25°C. 

The expression of a particular reaction, for calculation purposes, may be given as : 


Aff 0 = Yu n ^fi ~ ^fi ...0.25) 

P R 

Typical values of AH^-for different substances at 25°C (298 K) in kJ/mole are given below : 


S. No. 

Substance 

Formula 

State 

A H f 

1. 

Oxygen 


0 

Gas 

249143 




. o 2 

Gas 

zero 

2. 

Water 

Hf) 


Liquid 

-285765 





Vapour 

-241783 

3. 

Carbon 

C 


Gas 

714852 





Diamond 

1900 





Graphite 

zero 

4. * 

Carbon monoxide 

CO 

Gas 

-111508 

5. 

Carbon dioxide 

co 2 

Gas 

-393443 

6. 

Methane 

ch 4 

Gas 

-74855 

7. 

Methyl alcohol 

ch 3 oh 

Vapour 

-240532 

8. 

Ethyl alcohol 

C 2 h 5 ° h 

Vapour 

-281102 

9. 

Ethane 

Cjft 

Gas 

-83870 

10. 

Ethene 

Oft 

Gas 

51780 

11. 

Propane 

c 3 h 8 

Gas 

-102900 

12. 

Butane 

c 4 h 10 I 

Gas 

-125000 

13. 

Octane 

c 8 h 18 

Liquid 

-247600 
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9.1.11. Heating Values of Fuels 

If a fuel contains hydrogen water will be formed as one of the products of combustion. If this 
water is condensed, a large amount of heat will he released than if the water exists in the vapour 
phase. For this reason two heating values are defined ; the higher or gross heating value and the 
lower or net heating value. 

The higher heating value , HHV, is obtained when the water formed by combustion is com¬ 
pletely condensed. 

The lower heating value , LHV, is obtained when the water formed by combustion exists 
completely in the vapour phase. 

Thus: (HHV) p = (LHV) p + m h fg ... (9 .26) 

(HHV) y = (LHV) y + m(u g - u f ) ...(9.27) 

where, m = Mass of water formed by combustion, 

hf g = Enthalpy of vapourisation of water, kj/kg, 
u g = Specific internal energy of vapour, kj/kg, and 
u f ~ Specific internal energy of liquid, kJ/kg. 

In almost all practical cases, the water vapour in the products is vapour, the lower value is 
the one which usually applies . 

Fuel Calorimeters : 

The heating value of a fuel is defined as the quantity of heat transferred from the calorimeter 
m order to reduce the temperature of the products to the initial reaction temperature. Heating values 
are reported as positive quantities and are used widely in the calculation of the thermal efficiency 
of power systems. 

Two types of fuel calorimeters used for the determination of heating values are : 

1. Bomb type calorimeter 

2. Junkfers-type calorimeter. 

Bomb-type calorimeter. Refer Fig. 9.5. The bomb-type calorimeter, a constant-volume 
system, is initially.charged with oxygen and a small sample of fuel. Subsequent to ignition and 
combustion, the heat is transferred from the products to a surrounding water bath. The heating 
va ue is calculated essentially from the measured temperature increase of the system mass. The 
calculated result is usually reduced to a standard heating value at 25°C. A heating value deter¬ 
mined m a bomb-type calorimeter is designated as a constant-volume higher heating value. Water 
vapour formed during the reaction is completely condensed especially when a few drops of water 
are placed m the bomb prior to sealing in order to saturate the gaseous atmosphere. 

Junkers-type calorimeter. Refer Fig. 9.6. Junkers-type calorimeter is designed to bum a 
gaseous fuel under a steady flow conditions at atmospheric pressure. Heat is transferred from the 
products to water flowing steadily through the outer jacket of the calorimeter. The operating condi- 
10 ns are adjusted to obtain a gas outlet temperature equal to the inlet temperature of the fuel and 
combustion air. From observed water temperatures and measured quantities of fuel and jacket 
water, the heating value is calculated and reduced to the corresponding value for 25°C operation. 

ome of the water vapour in the products condenses and drains from the calorimeter into a collect¬ 
ing vessel. This measured quantity of condensate is used in the subsequent conversion of the calori¬ 
metric heating value to the constant pressure higher and lower heating values that are based, 
respectively, upon complete and zero condensation of the water vapour formed during the combus¬ 
tion reaction. 
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Fig. 9.5. Bomb calorimeter. 

Note. Although the constant-pressure heating value and the enthalpy of combustion are developed fron) 
somewhat different concepts, there is a general similarity between these two terms. When the characteristics of 
the reaction are identical, the constant-pressure heating value and the corresponding enthalpy of combustion 
value will be numerically equal but of opposite sign. A corresponding similarity exists between the constant- 
volume heating value and the internal energy of combustion. 
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INTERNAL combustion engines 



Exhaust 
(Gases) to 
atmosphere 


9.1.12. Adiabatic Flame Temperature 

in aad ^ « work or changes 

adiabatic flame temperature'. With the assumptions af‘ ^ ‘ e products ls re fe>~red to as the 
' potential energy, this is the maximum temperature that ^ T'° rk , and no chan S es in kinetic or 
because any heat transfer from the reacting substance A* aChl6Ved for the & wn reactants 
tend to lower the temperature of the product. “ y Incom P lete combustion would 

The following points are worthnoting • 

- —* —- — 

«) For a given ^ftm^and^ given pressu^e^and '** maximum temperature. 

—™, Jrcrs.-.trr,:’•-* —« «> >-* * 

ture is determined by metallurgical considerations in the maximum Permissible tempera- 

ture of the products is essential “ m ^ 07ls in the t urb i ne , and dose control of the tempera- 
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9.1.13. Chemical Equilibrium 

The calculation of the adiabatic flame temperature is based, in part, on the assumption that 
the reaction goes to completion. Owing to dissociation , complete conversion of the reactants to the 
products is not accomplished. As a consequence of the failure to achieve complete conversion of the 
reactants, the maximum reaction temperature cannot attain the level of the theoretical adiabatic 
flame temperature. 

The combination of CO and 0 2 produces C0 2 together with a release of energy. In an adi¬ 
abatic system no heat is transferred to the surroundings, hence the temperature of the mixture of 
the products and reacting substances rises rapidly. As the mixture temperature increases to higher 
levels the rate of dissociation bf the C0 2 becomes increasingly more pronounced. Since the dissocia¬ 
tion of C0 2 requires absorption of energy, a condition is reached where the rate of evolution and the 
rate of absorption of energy are in balance. At this point no further increase in temperature can be 
observed and the reaction is in chemical equilibrium . For this condition 

c + 0 2 ^ ^ C0 2 

At each temperature of the equilibrium mixture the substances participating in the reaction 
exist in unique proportions. For the combustion of CO the right-hand side of the equation 

CO + £ O a » (1 - x) C0 2 + X CO + | 0 2 ...(9.28) 

represents the distribution of the equilibrium products resulting from a reaction between CO and 
0 2 . In this equation* denotes the fraction of dissociated C0 2 . At low temperatures the fraction (1 -x) 
approaches unity while at high temperatures (1 - *) shows a substantial reduction in magnitude. 

For the combustion of H 2 with O g 

H 2 + i o 2 ^=^h 2 o 

and H 2 + i 0 2 = (1 -x)H 2 0+xH 2 + | 0 2 ...(9.29) 

It is essential to distinguish between the effects of dissociation and the losses resulting from 
incomplete combustion of fuel. Incomplete combustion, which may be attributed to a number of 
factors, results in a discharge from the system of combustible substances. Dissociation , on the 
other hand, is of transient nature. Usually any appreciable degree of dissociation extends over a 
very short time interval at the highest level of temperature attained in the reaction. The gaseous 
products are likely to be discharged from the system at a temperature that is indicative of a low 
degree of dissociation. For example, dissociation does not influence the heating value determined in 
a fuel calorimeter. Although the maximum temperature attained in the calorimeter is limited by 
chemical equilibrium, the combustion process moves to completion with the decrease in the tem¬ 
perature of the products. The reduction in temperature is a result of heat transfer to the jacket 
water. Dissociation of the products is negligible at room temperature, which is essentially the 
calorimeter reaction temperature. 

The temperature of the products discharged from the combustion chamber of the gas tur¬ 
bine power plant is limited to approximately SVCFC by introduction of a large quantity of excess air. 
Absorption of energy in the water walls of a boiler furnace limits the outlet gas temperature to 
approximately 1100°C. The quantity of dissociated products at temperatures ranging upward to 
llOO^C is not appreciable. In the cylinder of I.C, engine, considerably higher maximum tempera¬ 
tures—that is, in excess of 1100°C are attained, hence in the analysis of this thermal power system 
consideration must be given to the effects of dissociation. Of particular significance is the effect of 
reduced maximum temperature on the system availability. As a result of heat transfer and work 
performed by the gaseous medium the products are discharged from the system at a temperature 
below the level at which an appreciable degree of dissociation is observed. 
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estabU^ed from th° nS ° f / t A he dissodated in chemical equilibrium at temperature T are 

,n tcord^ constani - evaluation of the equilibrium constant is achieved 

in accordance with the analysis presented by Van’t Hoff. acnievea 

9.1.14. Actual Combustion Analysis 

parameterrcafb^fin^ 0 ™ 81 !? 6 ° fa " actual combustion process a number of different 

The combustion effiri Pn 'v l ^ °V he nature of the P rocess and ** system considered, 

me combustion efficiency in a gas turbine for instance can be defined as 


^combustion : 


A) M „, 


...(9.30) 


where, (F/A) idell] - Fuel-air ratio required for adiabatic and complete combustion and in which 
the products would attain the adiabatic flame temperature. 

In case of a steam generator (boiler) 


n . - Heat transferred to steam / kf? fuel 

•steam generator-,-“-7---—- 

Higher heating value of the fuel 
In case of an internal combustion engine , 


^thermal “ 


^actual 

Heating value 


...(9.31) 

...(9,32) 


9.2. CONVENTIONAL FUELS (FOR LC. ENGINES) 

9.2.1. Introduction 

* JS.-ST C£>n T ° n d j ff ! rent Wnds ° f fuel - includ “g liquid, gaseous and even solid 
He! L Pr ° Per . ! and the character of the fuel ex ercise profound infiuence on the 
the engfrT^ ° UtpUt ’ efficiencyi fael consumption and the reliability and durability of 

’ S ° lidf T\ S Pr f 6nt problems of complicated injection systems, as well as 

difficulties associated with solid residual ash, and hence are not popular, gaseous fuels 

P a “ , Pr0 , b ‘ em n S °/ stora S e and idling of large volumes. Hence for mobile use its use 

when li? n ?7 g “ d ° find “* for statl o™ry P°u>er plants particularly 

i n T r readlly available at the location nearby. Thus liquid fuels find abundant use 

in i.c. engines . 

9.2.2. Desirable Properties of Good I.C. Engines Fuels 

engine systeni hi'whfrh'th 0 en ^ nes a ^ des jpcd to satisfy the performance requirements of the 
engine system in which they are used. Thus fuel should possess the following properties : 

1. High energy density (kJ/kg). 

2. Good combustion qualities. 

3. ftigh thermal stability. 

4. Low toxicity. 

5. Low pollution. 

6. Easy transportation/transferabilify and storage. 

7. Compatibility with the engine hardware. 

8. Good fire safety. 
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9. Low deposit forming tendency. 

10. Economically viable in very large quantities. 

11. Easy mixing with air and low latent heat of evaporation ( h fg ). 

12. No chemical reaction with engine components through which it flows. 

9.2.3. Gaseous Fuels 
These fuels are used in S.I 

cussed below : 

1. Natural gas 
3. By-product gases 
5, Biogas. 

1. Natural gas: 

• It composition varies with source but mainly it contains CH 4 (75 to 95 percent) and 
remaining C 2 Hg and N 2 . From some areas, the natural gas obtained contains H 2 S which 
is much harmful to the engines. 

• It is available with oil wells and is colourless and odourless. 

• It is found in several parts of the world but particularly in U.S.A It is also carried from 
the place of availability to the place of use through hundreds of kilometres pipeline. 

2. Manufactured gases: 

The gases are manufactured by various methods, discussed briefly below : 

• Coal gas is manufactured by heating soft coal in closed vessel. The contents of the gas 
depend upon the type of coal and method of operation used in manufacturing. 

— A clean coal gas contains : 33% H 2 and 66% CH 4 . 

— Its energy content is 50 percent of natural gas. 

• Water gas is formed by using steam. For its manufacture, the water and air are passed 
alternately through a bed of hot carbon. 

— It contains H 2 > CO and N 2 . 

3. By-product gases : 

• The gases produced during manufacture of other substances are known as by-product 
gases. 

• Blast furnace gas is a by-product of steel plants. It contains CO and N 2 . It contains 
large amount of dust particles ; therefore, it should be cleaned by an effective method 
before its use in the engine. 

4. Sewage sludge gas : 

• It contains CH 4 and C0 2 with very small percentage of H 2 S. 

• This gas is made available from present well developed sewage disposal plants. 

5. Biogas: 

• This gas is produced from the cow dung which is available in large quantities in India. 

• It is easy to produce (with appropriate chemical reaction) and use locally. 

Except natural gas, all other gases mentioned above are generally employed for running I.C. 
engines whose power is used locally to run different types of equipments like small electric genera¬ 
tors, pumps etc. 


. engines. The different gaseous fuels are enumerated and dis- 

2. Manufactured gases 
4. Sewage sludge gas 
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internal combustion engines 

Advantages of gaseous fuels: 

(*) Easily compressed and stored. 

Hi) Easily carried through pipes. 

(iii) Easy starting of engines. 

fe) EaSy t0 “* rati ° in mult *" c ylinder engines, as compared to liquid fuels. 

Disadvantages: 

(i) High cost (on the basis of energy content) 

Hi) High purifying cost. 

Hii) Storage volume per unit energy very large. 

considerably £5“* *° ' iqUid fue,S ’ the size aad "eight of the engine (kg/kW) is 

(o) The cost (capital and running) of the plants manufacturing gases is considerab.y high. 

9.2.4. Liquid Fuels 

Following are the three principal commercial types of liquid fuels • 

• enz °l ’ 2 . Alcohol; 3. Refined products of petroleum 

1. Benzol: 

• It consists of benzene (CUL) and toulene (C H 1 arwi... ■ , 

temperature coal carbonization. 7 8 ° btained 38 a b y-P™duct of high 

■ £sr ** " mp " ed “ «• •*'“»>». 

• It has good anti-knock qualities. 

• Its heating value is low as compared to gasoline. 

• It is more expensive to produce. 

• It is used as fuel blended with gasoline. 

• R \ CaD be ma j nufaCtUred from su garcane and waste products. 

a. Kenned products of petroleum : 

• It is the main source of liquid fuels for I.C. engines. 

• It is used in the form of gasoline, kerosene, and diesel oil. 

he liquid fuels are classified in two groups : 

(0 Liquid fuels which are vaporised easily : u PetroV’ anH M I mb i» r™ 

used in S.I. engines. 7 and Alcoh °l • These are commonly 

m LiqUldfuel Whlch » d ™ tl * ejected in the combustion chamber: “Diesel or fuel oil” 

9.2.5. Structure of Petroleum 

fuels are obtained by refiningpefroleim. USUa ' ly USed are com P lex mixtures of hydrocarbons. These 
and hydrogen atoms ; it “ P exclusivel y of carbon 

The constituents of petroleum are classified into the following four main groups : 

Constitute General formula 

2. ^Olefins* rH 2 "* 2 (where n is the number of carbon atoms) 

^n^2n 
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3. 

4. 


Naphthenes C n H 2n 

Aromatics 

Within each group also, the physical properties of individual compound differ according 
to the number of carbon and hydrogen atoms in themolecule. 

The physical differences between compounds, even in any group, influence the way fuel 
evaporates and hence the formation of combustible mixture. 


— The difference in chemical properties of hydrocarbon from different groups affect the 
combustion process and hence the proportions of fuel and air requirements. 

1. Paraffins 

(£) Straight chain or normal paraffins : 

• It consists of a straight chain molecular structure as shown in Fig. 9.7. 

• The names of hydrocarbon in this series end with ane as in methane, propane, hexane 
etc. 

• The straight chain paraffins are saturated compounds as valency of carbon is fully uti¬ 
lised and therefore, they are very stable. 
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n-Heptane (C 7 H 16 ) Octane (C a H 18 ) 

Fig. 9.7. Straight chain paraffin. 

Hi) Branched chain or iso-paraffins : 

• The carbon atoms are branched in these compounds. 

• Branched chain or iso-paraffins have an open structure which is branched as shown in 
Fig. 9.8. Iso-octane, triptane etc. are examples of this type. 
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Fig. 9.8. Branched chain or iso-paraffins. 



• 

Iso-paraffins 

are also stable compounds and highly knock-resistant when used 

as S.I. 


engine fuels. 
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2. Olefins 

. These are compounds with one or more double bonded carbon atoms in straight chain 

p5[am T eS end Wlth ene *°I on® double bond and adiene for two double bonds. The 
examples are . Hexene and Butadiene (Fig. 9.9) 


H H H H H H 
H—(!)—C— C —C_ L l 


I I I 
H H H H 


C=C—H 


H 

H-C: 


H H H 
I I I 

C— C = C—H 


Hexene, CgH 12 (mono-olefin) Butadiene, C 4 H 6 (diolefin) 
Fig. 9.9. Olefins. 


• bo^dfls C„H^7 Ula ^ m ° n °-° lefines (sin S' e b °nd) is C.H*. and for dioleftns (double 
— Diolefins are more unstable than mono-olefins 

• 01efins are present in cracked gasoline. They form gummy deposits as they are readily 
usld in g^stoWnes fOTe ’ ^ P6rCentages are ke P‘ Iow than 3%) in the fuels 

3. Napthenes 

• These are ring structured compounds. 

• The chemical formula for these compounds is the same as for olefins, C H, but have 
each carbon atom joined^ single bond to two other C atoms, thus forcing a ring of 
structure. The examples, (Fig. 9.10) are : Cyclo-propane (C 3 H 6 ), Cyclobutane (C 4 H 8 )etc 


H H 

I I 

H—C—C—H 

I I 

H—C—C—H 


Cyclobutane (C 4 Hg) 

Fig. 9.10 

* differed. bave the same formula as for olefins, the properties are radically 

* The napthenes are saturated compounds whereas olefins are unsaturated. 

4. Aromatics 

* Items 2T?* a rine type structure for all or most of the carbon 

Fil s i l ^ 8 ° r gr ° UP 0f C and H atoms i the examples are shown in 

* mJ," ar0m r tiCS> a i enze 1' W molecule exists « centra! structure and other aro- 
mnllc , •^ rmed ty replaC i ng one ° r more of the hydrogen atoms of the benzene 
Tmeteit a “°^ a T rad CBl SUCh 88 paraffins > napthenes and olefins. By adding 

1 benZene 13 conver ted to toluene (C 6 H 6 CH 3 ). The three double 
bonds make aromatics very active and therefore they are highly unsaturated compounds 


H H 

\/ 

A 

H—C—C—H 
H H 

Cyclo-propane (CgHg) 
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(a) Benzene (CgHg) 
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(6) Toluene (C 7 Hg) 
or C 6 H 6 CH 3 

Fig. 9.11. Structures of aromatics. 
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(c) Xylene 


— In most unaltered gasolines, both benzene and toluene are presept to a modest 

extent. « 

Following are a few special properties of aromatics : 

(i) Offer highest resistance to knocking in S.I. engines. 

(ii) Suitability of these fuels for C.I. engines is just reverse of their suitability for S.I. 
engines. 

— Therefore, “paraffins” are most suitable fuels for C.I. engines and “ aromatics* are 
most suitable fuels for S.I. engines. 

(iii) With the increase in the number of atoms in the molecular structure, the boiling tem¬ 
perature of fuel generally increases. 

(iv) As the proportion of Hg-atoms to C-atoms in the molecule increases the calorific value of 
fuel increases. Thus, paraffins have lower calorific value whereas aromatics have highest 
calorific value. 

9.2.6. Petroleum and Composition of Crude Oil 

• Petroleum is a dark viscous oily liquid known as rock oil (In Greek, petra— rock, oleum — 
oil). It is formed from the bacterial decomposition of the remains of animals and plants 
which got buried under the sea millions of years ago. When these organisms died, they 
sank to the bottom and got covered by sand and clay. Over a period of millions of years, 
these remains got converted into hydrocarbons by heat, pressure and catalytic action. 
The hydrocarbons formed rose through porous rocks until they were trapped by imper¬ 
vious rocks forming an oil trap. 

• Natural gas is found above the petroleum oil trapped under rocks. The crude petroleum 
is obtained by drilling a hole into the earth's crust and sinking pipes into it. When the 
pipe reaches the oil deposit, natural gas comes out with a great pressure. After the 
pressure has subsided, the crude oil is pumped out of the oil well. This process of obtain¬ 
ing crude oil from its sources is called mining. 

• The crude oil is a mixture of hydrocarbons such as alkanes, cycloalkanes and aromatic 
hydrocarbons. It also contains a number of compounds having oxygen, nitrogen and 
sulphur. The actual composition of petroleum depends upon its place of origin. 
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Fractional distillation of crude oil: 

# 

* Ietr?bedbe g low : etr ° leUm “ Carfied ° Ut by the pr0cess °f fractional distillation a. 



Fig. 9.12, Refining of petroleum. 

— The refining of petroleum is done in big refineries. The first step in the refining 
needTd ** neutrahsation of crude oil b y washing with acidic or basic solution as 

Srodted’intnTf 6 '* r * ^ t0 ab ° Ut 675 K and the vapour thus Stained are 
introduced into a fractionating tower. The tower is divided into a number of corn¬ 
eredi with 6a66? 38118 ° f vt V6 , S , <tr T ) haVing h ° leS (Fig ' 912) ' The holes ara cov- 
ered with bubble caps which allow the lighter more volatile components to pass up 

below Each W sh If fa V °' atiIe COmponents and flow into trays 

certain l , fn ^ 30 ° Verfl ° W pipe Which kee P S the liquid to a 

ertain level and allows the rest to flow down to the lower shelf. Therefore during 

fractional distillation, the fractions with lower boiling points rise up the tower and 
condense at different levels depending upon the boiling points. For example the 
crude 0.1 is fed at the base at about 675 K. At this temperature all the components 


j 
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except asphalt vapourise. As the mixture of hot vapour rises in the column, it cools. 
Therefore, the component with the highest boiling point liquefies first and is col- 
ected. Then a little, higher in the column, the component having slightly lower 
oiling point liquefies and so on. The residual gases which do not condense escape 
rom the upper part of the tower. The fractions are separated at different boiling 
points and are thus collected at different heights in the column. The important 

fractions of petroleum refining are given in Table 9.2. ^ 

Table 9.2. Different fractions of petroleum refining. 


Fraction 

(K) 


Boiling range 
(K) 


Approximate 

composition 


Uses 


1. Gaseous 


2. Petroleum ether 
or ligroin 

3. Gasoline or petrol 

(Sp. gravity = 0.7 to 0.8) 

4. Kerosene 

(Sp. gravity = 0.8 to 0.85) 

5. Gas oil, fuel oil, and diesel 
oil 

6. Lubricating oils, greases 
and petroleum jelly 

7. Paraffin wax 


8. Petroleum coke 


113 to 303 

Cr-c 5 

As gaseous fuel, for producing 
carbon black and is also used 
for preparing ammonia, methyl 

303 to 363 


alcohol and gasoline 

VfT-Vi 

As a solvent for oils, fats, rubber 
and also in dry cleaning. 

343 to 473 

C 7— C 12 

Mainly as a motor fuel. 

448 to 548 

C 12^15 

As an illuminant fuel and for 
preparing petrol gas. 

523 to 673 

C 15—^18 

In furnace oil, as a fuel for diesel 
engines and also in cracking. 

623 and higher 

C 16 and higher 

Used mainly as lubricants. 

melts between 

C 20 and higher 

Used for manufacturing candles, 

325 to 330 


waxed papers and for water 
proofing. 

residue 

C 30 and higher 

Used as artificial asphalt, fuel and 
also in making electrodes. 


9.2.7. Fuels for Spark-Ignition Engines 

a mjxt ^ re of various hydrocarbons (such as paraffins, olefins, napthenes, and 

j fu 6 m f^ or 3sec ^ f° r S.I. engines. The composition depends upon the source of 

crude oil and the nature of refining process. 

The following are the requirements of an ideal gasoline : 

1. High calorific value 

2. Knock-resistance 

3. Easy to handle 

4. Easy availability at reasonable cost 

5. Quick evaporation (when injected by carburettor in the current of air) 

6. Clean burning and no deposition of the residue. 

7. No pre-ignition. 

8. No tendency to decrease the volumetric efficiency of engine. 

9.2.7.I. Volatility 

• ■■Volatility" is commonly defined as the evaporating tendency of a liquid fuel. 
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• This quality of the fuel has great significance for carburetted engines. This will decide 
the fuel vapour to air ratio in the cylinder at the time of ignition. As F^ = 0.6 is the 
lowest limit for satisfactory ignition and flame propagation, therefore, volatility of fuel 
must ensure to give at least this fuel vapour to air ratio at the time of ignition under all 
conditions of operation including starting from cold. 

• The volatility of gasoline is generally characterised by the following two laboratory tests. 

(i) ASTM distillation test (if) Reid vapour test. 

ASTM distillation test: 

Fig. 9.13 shows the apparatus used for ASTM distillation test: 

• 100 cubic centimetres of gasoline fuel is taken in the flask and heated. The flask is 
fitted with a thermometer to record the temperature of vapour being formed and col¬ 
lected in a graduated measuring cylinder. 


Thermometer 



Fig. 9.13. ASTM distillation apparatus. 


• When the first drop of condensed vapour drops from condenser, the temperature is re¬ 
corded. This temperature is called initial boiling point 

9 The vapour temperature is recorded at each successive 10 percent of condensed vapour 
collected. When 95 percent has been distilled the burner flame is increased and the 
maximum temperature is recorded as the 'end point \ The mass of the residue in the 
flask is also recorded. 

Fig. 9.14 shows distillation curves (ASTM) for various products of petroleum refining. 

Reid ynpour pressure 

• The volatility of petrol is also defined in terms of Reid vapour pressure. This is a meas¬ 
ure of the vapour pressure of oil at 38°C expressed as millimetres of mercury or in 
pounds per square inch pressure and indicates initial tendency of a fuel to vapour-lock. 


The apparatus used for determination of Reid vapour pressure is shown in Fig. 9.15. 
— A chilled fuel sample is placed in the Reid bomb and then immersed in water bath 
held at 3S°C ; the air chamber contains an air volume equal to four times the volume 
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of fuel. The pressure indicated by the pressure gauge will indicate the pressure rise 
due to vaporisation of fuel and increase in volume due to increase in temperature. If 
the latter is subtracted from the total pressure rise we get the Reid vapour pres¬ 
sure (the increase in pressure due to vapourisation of a given quantity of fuel under 
a given quantity of fuel under given condition of temperature. 



Percent evaporated-► 

Fig. 9.14. Distillation curves (ASTM). 

Equilibrium air distillation (EAD) : 

• The ASTM distillation curve is not a true boiling point curve of the fuel. Therefore, it 
cannot directly relate to fuel performance in the engine. In this case, the fuel is allowed 
to evaporate into an air stream moving through a long tube with low velocity. The exit 
vapour-air ratio is measured as a function of fuel-air ratio. The tube should be suffi¬ 
ciently long to attain equilibrium. The tube represents the intake manifold of the en¬ 
gine and equilibrium of vapour-air is reached before entering the engine. 

• In ASTM-test, the vapourisation of fuel is carried out in the presence of vapour of fuel 
so these curves can not be used directly, as actual evaporation of fuel takes place in the 
current of air. Therefore, to correlate the fuel performance in the engine, EAD test 
apparatus is used as described above. 
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internal combustion engines 



Ig. .15. Apparatus for determining Reid vapour pressure. 

Fig. 9,16 shows the EAD test curve* fnr o , 

a typical gasoline and also A/F ratio volatility curves. 



% age vaporised by mass ^ • 

Fig. 9.16. EAD curves for a typical gasoline. 
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9.2.7.2. Effects of Volatility on S.I. Engine Performance 

pxtremel f l! qUld is , lts tend ency to evaporate under a given set of conditions. It is an 

charaTterisUcs 0 311 CharactmstlC ° f SX ei ^ ne "Wch affects engine performance and fuel economy 

~ e T ne is im P roved if fron t end volatility is higher but it may lead to 

increased problems of hot starting and vapour lock. 

- The mid range (20 to 80 %)portion should be volatile enough to give satisfactory air-fuel 
ratios under a variety of operating conditions. 

~ . L0W tad end volatilit y wiU MP in good mixture distribution and hence good fuel economy. 
scribed below™* 301 " 43 " 1 effects of volatiIit y on S.I. engine performance and enumerated and de- 

1. Starting and warm up 

2. Vapour lock 

3. Evaporation loss 

4. Crankcase dilution 

5. Operating range performance 

6. Spark plug fouling 

7. Formation of sludge deposits. 

1. Starting and warm up : 

For easy starting of the engine a certain part of the gasoline should vaporise at room 
temperature. To fulfil this condition 1 to 10 per cent of the distillation curve must have 
a ow boiling temperature. With the warming up of the engine, the temperature gradu- 
ally increases to the operating temperature. 

* warm ' up ' low distillation temperatures are desirable throughout the range of 

distillation curve. b 

2. Vapour lock : f^ulo pcy 

v \ MLKfc vc wvAAA'*Mivt/» 

• a P° ur ock is a situation where too lean a mixture is supplied to the engine. The auto- 
motive fuel pump should handle both liquids and vapours. If the amount of fuel evapo- 
rated in the fuel system is very high the fuel pump is mainly pumping vapour and very 
little liquid will go to the engine. This results in very weak mixture which can not 
maintain engine output. 

Vapour lock causes the following : 

(*) Uneven running of an engine ; 

(w) Stalling while idling ; 

(iii) Irregular acceleration ; 

(iv) Difficult starting when hot; 

(v) Momentary stalling when running. 

• The vapour lock tendency of the gasoline is related to front end volatility. The vapour- 
hquid ratio (V/L) of a gasoline directly correlates with the degree of vapour lock likely 
. e e J £ P anenced in the fuel system. At V/L ratio of 24 vapour lock may start, and at V/L 
ratio of 36 vapour lock may be very severe. Therefore, the volatility of the gasoline should 
be maintained as low as practicable to prevent this type of difficulty. 
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3. Evaporation loss : 

• The evaporation loss (from carburettors and storage tanks) depends on the vapour pres¬ 
sure which is a function of fraction components and initial temperature. These losses can 
be as high as 10 to 15 per cent. 

• The evaporation loss not only decreases the fuel economy, but also decreases its anti¬ 
knock quality as the lighter fraction have higher anti-knock properties. 

The evaporation loss is a reason for restricting the low end volatility of the fuels. 

4. Crankcase dilution: 

• If very frequent starting of the engine with low engine temperature is necessary, very 
rich mixtures have to be supplied and some of un-evaporated fuel leaks past the piston 
rings and goes to crankcase. Consequently lubricating oil gets diluted. This dilution 
decreases the viscosity of the lubricating oil and also washes away the lubricating oil film 
on engine cylinder walls. It is found that the tendency of fuels to dilute the lubricating 
oils lies in the order of 90% ASTM temperature. Thus control of 90% ASTM tempera¬ 
ture combined with proper ventilation of cranckcase reduces the dilution of crank¬ 
case.oil. 

• In the engines using heavier fuels like kerosene and other distillates, the problem of 
dilution and poor lubrication of pistons and rings may be severe. 

5. Operating range performance : 

• The acceleration of an engine depends upon its ability to deliver suddenly to intake an 
extra supply of fuel air mixture in a sufficiently vaporised form to burn quickly. Good 
acceleration occurs when air-fuel vapour ratio of 12 : 1 is supplied. 

• The ability to accelerate falls off as available mixture becomes lean. 

6. Spark plug fouling; 

Spark plug fouling is caused due to deposition of some high boiling hydrocarbons. Lower the 
tail-end volatility less are the chances of spark plug fouling. 

7. Formation of sludge deposits : 

The sludge deposition inside an engine is caused by certain types of high boiling hydrocar¬ 
bons. These deposits can cause piston ring plugging and sticking and valve sticking resulting in poor 
operation and poor fuel economy. 

9.2.8. Knock Rating of S.I. Engines Fuels 

9.2.8.I. Self ignition characteristics of fuels 

• When the temperature of an air-fuel mixture is raised high enough, the mixture will 
self-ignite without the need of a spark plug or other external ignites. The temperature 
above which this occurs is called the “self-ignition temperature (S.I.T.) 9 . This is the basic 
principle of ignition in a compression ignition engine. The compression ratio is high 
enough so that the temperature rises above S.I.T. during the compression stroke. Self¬ 
ignition then occurs when the fuel is injected into the combustion chamber. On the 
other hand, self-ignition (or pre-ignition, or auto-ignition) is not desirable in an S.I. 
engine, where a spark plug is used to ignite the air-fuel at the proper time in the cycle. 
When self-ignition does occur in an S.I. engine higher than desirable, pressure pulses are 
generated. These high pressure pulses can cause damage to the engine and quite often are 
in the audible frequency range. This phenomenon is often called knock or ping. 
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• Fig. 9.17. shows the basic process of what happens when self-ignition occurs. 



S.I.T. -4 Self-ignition temperature 
I.D. -4 Ignition delay 

Fig. 9.17. Self-ignition charactristics of fuels. 

If the temperature of a fuel is raised above the self-ignition temperature (S.I.T,), 
the fuel will spontaneously ignite after a short ignition delay (I.D.). The higher 
above S.I.T. which the fuel is heated, the shorter will be I.D. 

__ Ignition delay is generally a very small fraction of a second (generally of the order 
of thousandths of a second ). During this time, pre-ignition reaction occurs, includ¬ 
ing oxidation of some fuel components and even cracking of some large hydrocar¬ 
bon components into smaller hydro-carbon molecules. These pre-ignition reactions 
raise the temperature at local spots, which then promotes additional reactions 
until, finally, the actual combustion reaction occurs. 

• Fig. 9.18. shows the cylinder pressure as a function of time in a typical S.I. engine 
combustion chamber showing (i) normal combustion, ( ii ) combustion with light knock 
and (iii) combustion with heavy knock. 





(i) Normal combustion 
with /to knock 


(ii) Combustion with 
light knock 


(iii) Combustion with 
heavy knock 


Fig. 9.18. Cylinder pressure as a function of time in a typical S.I. engine combustion chamber. 
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9 '2-8.2. Highest Useful Compression Ratio (H.U.C.R.) 

c ZT sion rati0 at which “ f“ el «• ^ 

twn and mixture strength being adjusted to gioe besUfficie^. ° P " atlnS condltlons and the igni- 

9.2.8.3. Octane number (ON) and engine knock 

* fsT ™",° r ** noi ,* e 

self-ignition characteri ie S o??he foel to « > T*?* ted byC ° mparin * the 

at specific operating conditions. £12 ^ 

“ and * ^ *** "**»*• <0 “ and *"*» » **en 

~ ™°u“ aI heptane (C 7 H is) which is very prone to knock and is therefore given a zero 

and thus a^hlend S^SStfSrfS? £££ Sff"* 

«»e» must use high-octane fuel to avoid self-ignition and knock. hlgh ' compression en ' 

1 est procedure for finding octane number (ON) of fuel: 

To find ON of a fuel, the following test procedure is used : 

~ J ha ^st-engine is run at specified conditions using the fuel being tested (The 

~ with^the*test S? * ^ the . Same **"* characteristics are observed as 

The percent of iso-octane in the fuel blend is the ON given to the test fuel F„, i„ 
and nC 15% mhe^wouU “nON as a blend iso-octane 

° Ctane nUmb6r and corn P ress i°n ratio is approximately 



Fig. 9.19. Relationship between octane number and the highest useful compression ratio. 
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a shVhHv fnM ent , teSt ^“ ed f ° r rating ° Ctane numbers ' each of which will give 

autom^hL 61 ^^ 11 1 ° N tW ° common methods of rating gasoline and other 

automobile S.I. fuels are the Motor method and the Research method. These give 

mnf th n “" ,i « r j M0N) and research octane number (RON). Another less com- 

tion SI S m<!th0d WhiCh " US6d f ° r SirCraft fUe ' and giveS an Avia ‘ 

— The engine used to measure MON and RON was developed in the 1930s. It is a 
sing e cylinder, overhead valve engine that operates on the 4-stroke Otto cycle It 
has a variable compression ratio which can be adjusted from 3 to 30. 

Research Octave Number (RON) Method: 

~ SL meth ° d measures ant i-knock performance under relatively mild operating con- 

— It is considered to be similar to the detonation tendency of a fuel when the engine is 
accelerating from low speed’m top gear with a wide open throttle under 'medium 
lorn* Inlet air temperature = 52‘C ; coolant temperature = 100'C ; engine speed 
- t>UU r.p.m. ; ignition advance setting « 13°C BTDC. 

Motor octane number (MON) method: 

~ conditions ° d m<JaSUreS anti - knock performance under relatively severe operating 

— It is considered to be similar to the detonation tendency of a fuel when the engine is 
driven at medium speed’ in top gear with a wide-open throttle under 'heavy load’ 
Inlet air temperature = 150°C ; coolant temperature = 100°C ; engine speed = 900 
r.p.m., ignition advance setting = 19-26“ BTDC. 

Fuel sensitivity (FS) 

• Th e difference in octane number between the Research method and the Motor method 
octane numbers is known as the fuel sensitivity ; thus 

Fuel sensitivity ~ RON - MON 

• Fuel sensitivity is a good measure of how sensitive knock characteristics of a fuel 

“™r? t0 geometry. A low FS number will usually mean that knock charac- 

from 0 tolO 131 fUel are mSeDsitive t0 engine geometry. FS numbers generally range 

Antiknock index : 

• The average of the two octane number rating methods, RON and MON, is very 
good antiknock quality indicator which is known as the antiknock index ; thus 


Antiknock index = 


RON + MON 
2 


Advantages of high-octane fuel: 

The advantages of high-octane fuel are as follows : 

1. The engine can be operated at high compression ratio and therefore, with high effi¬ 
ciency without detonation. g 


2. The engine can be supercharged to high output without detonation. 

3. Optimum spark advance may be employed raising both power and efficiency. 

* cheaolv^arir] fUe ‘ S ^ “c T ^ produced b F refining techniques, but it is done more 
A h a r y ’- a rT/^.w by the USe ° f: anti-knock additives, such as tetraethyl lead. 

icfanennmb t ouTf ° f , te ‘ raetbyI lead to one litre of 80 octane petrol increases the 
thln kn !? t0 9 a° J UalS ^ bee “ develo P ed which have a higher anti-knock rating 
than iso-octane and this has lead to an extension of the octane scale. 
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9.2.9. Miscellaneous Properties of S.I. Engine Fuels 
Miscellaneous properties of S.I. fuels are described below : 

1. Gum content 

• There is a tendency in some gasolines to deposit gum, a solid oxidation product, in fuel 
systems and on valve guides. Excessive gum formation often causes sticking of valves 
and plugging of fuel passages. 

• The gum formation is reduced by mixing inhibitors (special chemicals) with gasoline. 

• The oxidised gasoline shows a loss of anti-knock quality. 

2. Sulphur content 

The presence of sulphur content in gasolines is objectionable since it may lead to the forma¬ 
tion of sulphuric acid in the presence of moisture. The sulphuric acid has corrosive effect on engine 
parts. 

3. Tetra-ethyl lead 

• It causes deposits on cylinder walls, spark plug and valves etc. which lead to the corro¬ 
sion of spark plug and exhaust valves. These troubles are minimised by adding ethyl¬ 
ene-dibromide (CgH^rg). 

• It is a very dangerous poison acting on the skin and in vapour form, the lungs. 

9.2.10. Diesel Fuel 

• Diesel fuel (diesel oil, fuel oil) is obtainable over a large range of molecular weights and 
physical properties. It is classified by various methods, some using numerical scales 
and some designating it for various uses. Generally speaking, the greater the refining 
done on a sample of fuel, the lower is its molecular weight, the lower is its viscosity, and 
the greater is its cost. 

— “Numerical scales’* usually range from 1 to 5 or 6, with sub categories using alpha¬ 
betical letters (e.g., Al, 2D, etc.). The lowest numbers have the lowest molecular 
weights and lowest viscosity. These are the fuels typically used in C.I. engines. Fuels 
with the largest numbers are very viscous and can only be used in large, massive 
heating units . Each classification has acceptable limits set on various physical prop¬ 
erties, such as viscosity, flask point, power point, cetane number, sulphur content 
etc. 

— Another method of classifying diesel fuel to used in I.C. engines is to designate it for 
its intended use. These designations include, bus, truck, railroad, marine and sta¬ 
tionary fuel, going from lowest molecular weight to highest. 

• For convenience, diesel fuels for I.C. engines can be divided into two extreme categories : 

( i ) Light diesel fuel (molecular weight 170 appr.) 

( ii ) Heavy diesel fuel (molecular weight 200 appr.) 

Most diesel fuel used in engines will fit in this range. , 

— Light diesel fuel will be less viscous and easier to pump, will generally inject into 
smaller droplets, and will be more costly. 

— Heavy diesel fuel can generally be used in larger engines with higher injection pres¬ 
sures and heated intake systems. 

Often an automobile or light truck can use a less costly heavier fuel in the summer, but must 
change to a lighter, less viscous fuel in cold weather because of cold starting and fuel line pumping 
problems. 

9.2.10.1. Cetane Number (CN) 

• The cetane number of a diesel fuel is a measure of its ignition quality. When a fuel is 
injected into the hot compressed air in the cylinder, it must first be raised to a temperature 
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high enough to ignite the air-fuel mixture. This requires a certain amount of time, known 
as ignition delay. 

• Though ignition delay is affected by several engine design parameters such as compres¬ 
sion ratio, injection rate, injection time inlet air temperature etc., it is also dependent 
on hydrocarbon composition of the fuel and to some extent on its volatility characteris¬ 
tic. 

• The cetane number is a numerical measure of the influence the diesel fuel has in deter¬ 
mining the ignition delay. 

• Higher the cetane rating of the fuel lesser is the propensity for diesel knock. 

• Ignition quality is usually determined by an engine bench test which measures the 
ignition time delay under standard carefully controlled conditions. 

— In such a test, the unknown fuel is rated on a scale between 0 and 100 against a 
pair of pure hydrocarbon reference fuels. Cetane (C 16 H 34 ) (n-hexadecane) a straight 
chain paraffin which has a very high ignition quality (short delay) and does not 
readily knock , is assigned to the top of the scale by a cetane number of 100, whereas 
heptamethylnonane (HMN) which has a very low ignition quality (long delay) 
and readily knocks , is represented at the bottom end of the scale by a cetane number 
of 15. Originally, the low ignition quality reference fuel was alpha methyl napthalane 
(C u H 10 ) which was given a cetane number of zero. However, heptamethylnonane, 
a, more stable compound but with a slightly better ignition quality (CN = 15), now 
replaces it. 

Hence, the cetane number (CN) is shown by, 

Centane number (CN) = Percent centane 

0.15 x percent heptamethylnonane 

— A standard single-cylinder pre-chamber variable compression ratio engine is used 
operating under fixed conditions : Inlet temperature = 65.5®C ; Jacket temperature 
= 100°C ; Speed = 900 r.p.m. ; Injection timing = 13° BTDC ; Injection pressure 
= 103.5 bar. The engine is run on a supply of commercial fuel of unknown cetane 
number under standard operating conditions. With the injection timing fixed to 13° 
BTDC, the compression ratio is varied until combustion commences at TDC (by 
observing the rapid rise in cylinder pressure) thereby producing a 13° delay period 
of 0.0024s at 900 r.p.m.. A selection of reference fuel blends are then tested, where 
again the compression ratio is adjusted for each blend to obtain the standard 13° 
delay period. The percentage of cetane is one of the blends of reference fuels which 
gives exactly the same ignition delay (ignition quality) when subjected to the same 
compression ratio is called the cetane number of the fuel. Thus, a commercial 40 
cetane fuel would have an ignition delay performance equivalent to that of a blend 
of 40% cetane and 60% heptamethylnonane (HMN) by volume. 

• For higher speed engines the cetane number required is 50, for medium speed engine 
about 40, and for slow speed engines aboi^t 30. 

• Cetane number is the most important single fuel property which affects the exhaust 
emissions, noise and startability of a diesel engine. In general, lower the cetane number 
higher are the hydrocarbon emissions and noise levels. Low cetane fuels increase igni- 
tioif delay so that start of combustion is near to top dead centre. This is similar to 
retarding of injection timing which is also known to result in higher hydrocarbon levels. 

• In general, a high octane value implies a low cetane value. 
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internal combustion engines 

• engine at a pan- 



Fig. 9.20 

’ ^en P a P r mate “ betW - -tane (CN) and octane (ON) number is 


CN = 60 - 


ON 


(accurate within ± 5%) 


9.2.10.2. Diesel Index (DI) 


* dieS , el indeX ; S a chea P method of predicting ignition quality 

low ignition quality. ^ Q aUty nd aromatlc o.nd compounds have 

characteristics of the ^ela^lp^sedtom^T Tdtt^ ° htained f rom certain physical 
index derived from the k ™f “ ‘f "*** The 
gravity, which is put together as follows : ' P * Amencan Pet roleum Institute (API) 

Diesel index (DI) = Aniline point (°F) x ^ gravity (deg) 

pure aniline dfs^Lfi^ellholher'lt tWef™^ “* “' WcA PartS ° ffud and 
composition of th, fuel *?** 

temperature. Likewise, a higher API trravitv refi♦ , th hlgher the solution 

indicates a high paraffinic content, which cLesrmnds a ti° W gravit >' and 

Note. The correlation between the diesel-inrW a . P d * & g °° d ^ mtl0n quality. 

fuel consumption it is not reliable but, neve^eleTtilanb^T *%"?• T* WUh cer^aI '' , 

ignition quality. nevermeless, it can be a useful indicator for estimating 


9.3. ALTERNATIVE FUELS FOR I.C. ENGINES 
9.3.1. General Aspects 

' £ ztt t rr 1 ‘ :■» 2i ?‘-»™ 

increase in th. ™»b„ ofoutomobile. and oth. “c“ *£*£ 7 !?? I"’ h “ 
engines „ gresf,, imp,.,,, fr „ p ,„ ^ 
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numbers only dictate that there will be a great demand for fuel in the coming decades. 
Gasoline will become scarce and costly. Alternate fuel technology, availability, and use 
must and will become more common in the coming decades. 

• Although there have always been some I.C. engines fueled with non-gasoline or diesel 
oil fuels, there numbers have been relatively small. Because of the high cost of petro¬ 
leum products, some third-world countries have for many years been using manufac¬ 
tured alcohol as their main vehicle fuel. 

• Several pumping stations on natural gas pipelines use the pipeline gas^to fuel the en¬ 
gines driving the pumps. This solves an otherwise complicated problem of delivering 
fuel to the pumping stations, many of which are in very isolated regions. Some large 

isplacement engines have been manufactured especially for pipeline work. These con¬ 
sist of a bank of engine cylinders and a bank of compressor cylinders connected to the 
same crankshaft and contained in a single engine block similar to a V-style engine. 

• Another reason motivating the development of alternative fuels for the I. C . engine is con¬ 
cern over the emission problems of gasoline engines. Combined with other air polluting 
systems, the large number of automobiles is a major contributor to the air quality prob¬ 
lem of the world. Vast improvements have been made in reducing emissions given offby 
an automobile engine. 

• Still another reason for alternative fuel development in India and other industrialised 
countries is the fact that a large percentage of crude oil must be imported from other 
countries which control the large oil fields. 

Some alternative fuels which can replace conventional fuels in I.C. engines are : 

( i ) Alcohol (Methyl and ethyl) 

(ii) Hydrogen 
(Hi) Natural gas 

(iv) LPG (Liquified petroleum gas) and LNG (Liquified natural gas) 

(o) Biogas. 

9.3.2. Advantages and Disadvantages of using Alternative Fuels 
Advantages of using alternative fuels : 

1. Alcohols can be produced from highly reliable and long-lasting raw material sources 
like sugarcane, starchy materials, corns, potatoes etc. Thus they are renewable energy 
sources. 

2. Biogas plants can be conveniently and economically installed in village and farms. 

3. Manufacture of biogas from cow-dung will give, as a byproduct, manure of very high 
quality for use in the-farms. 

4. Natural gas is available in plenty. 

5. Coal gas is produced by coal gasification, and coal is abundant to last much longer than 
the liquid petroleums. 

Alcohols, biogas and natural gas have much higher octane number, and are suitable 
for use in S.I. engines with little modification. There is less problem of knocking or 
detonation. Higher compression ratios can be used to give more power and increased 
thermal efficiency. 

6. The exhaust from engines using gaseous fuels contains less pollutants. Use of hydrogen 
gives absolutely clean exhaust. 

Disadvantages 

Use of alcohols as an alternative fuels have the following disadvantages : 

1. Social problems due to prohibition, as it can be consumed as liquor by human beings. 
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2. The carburettor would need modification , as the stoichiometric Air-fuel ratio with alcohols 
is quite low (of the order of 10 : 1) 

3. The calorific value of alcohol fuels is low as compared to that of diesel or petrol. 

— The m.e.p. and power output from a given size engine will be low with coal gas and 
biogas. 

— The handling and transportation of natural gas is costly. 

— High compressor power is required to compress it for storage otherwise it will need 
large storage space. 

— Hydrogen is highly explosive, and its handling is risky. 

9.3.3. Alcohol 

Alcohol is an attractive alternative fuel because it can be obtained from a number of sources, 
both natural and manufactured. Methanol (methyl alcohol) and ethanol (ethyl alcohol) are two 
kinds of alcohol that seem most promising and have had the most development as engine fuel. 
Advantages: 

The advantages of alcohol as a fuel are : 

1. It is high octane fuel with anti-knock index numbers (octane number on fuel pump) of 
over 100, High octane numbers result, at least in part, from the high flame speed of 
alcohol. 

— Engines using high-octane fuel can run more efficiently by using higher compres¬ 
sion ratios. 

2. It can be obtained from a number of sources, both natural and manufactured. 

3. It has high evaporative cooling (h^ g ) which results in cooler intake process and compres¬ 
sion stroke. This raises the volumetric efficiency of the engine and reduces the required 
work input in the compression stroke. 

4. Generally less overall emissions when compared with gasoline. * 

5. Low sulphur content in the fuel. 

6. When burned, it forms more moles of exhaust which gives higher pressure and more power 
in the expansion stroke. 

7. The contamination of matter in alcohols is less dangerous than petrol or diesel because 
alcohols are less toxic to humans and has a recognizable taste. 

Disadvantages: 

1. Low energy content of the fuel (Almost twice as much alcohol as gasoline must be burned 
to give the same energy input to the engine). 

2. The exhaust contains more aldehydes. If as much alcohol fuel was consumed as gasoline, 
aldehyde emissions would be a serious exhaust pollutions problem. 

3. As compared to gasoline, alcohol is much more corrosive on copper, brass, aluminium, 
rubbqr and many plastics. This puts some restriction on the design and manufacturing 
of engines to be used with this fuel. 

— Methanol is very corrosive on metals. 

4. In general, the ignition characteristic are poor. 

5. Vapour lock in fuel delivery system. 

6. Owing to low vapour pressure and evaporation, the cold weathering starting characteris¬ 
tics are poor. 

7. Due to low vapour pressure, there is a danger of storage tank flammability. Air can leak 
into storage tanks and create a combustible mixture. 
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8. Alcphols have almost invisible flames, which is considered dangerous when handling 
fuel. Again, a small amount of gasoline remove this danger. 

9. Low flame temperatures generate less NO^., but the resulting lower exhaust tempera¬ 
tures take longer to heat the catalytic converter to an efficient operating temperature. 

10. When refuelling an automobile, headaches and dizziness have been experienced (due to 
the strong odour of alcohol). 

Note : 

• Alcohols are considered as clean burning renewable alternative fuels which can come to our rescue 
to meet the a challenge of vehicular fuel oil scarcity and fouling of environment by exhaust emis¬ 
sions. 

• Alcohols make very poor diesel engine fuels as their ‘cetane number is considerably lower. 

— Alcohols can be used in duel fuel engines or with assisted ignition in diesel engine. In a duel 
fuel mode, alcohol is inducted along with the air, compressed and then ignited by a pilot spray 
of diesel oil. 

9.3.3.1. Methanol 

• Of all the fuels being considered as an alternate to gasoline, methanol is one of the more 
promising and has experienced major research and development. 

• Methanol can be obtained from many sources, both fossil and renewable. These include 
coal, petroleum, natural gas, biomass, wood, landfills, and even the ocean. However, any 
source that requires extensive manufacturing or processing raises the price of the fuel 
and requires an energy input back into the overall environmental picture, both unat¬ 
tractive. 

• Methanol beleaves much like petroleum and so, it can be stored and shifted in the same 
manner. 

_ It is more flexible fuel than hydrocarbon fuels permitting wider variation from 

ideal A/F ratios. 

— It has relatively good lean combustion characteristics compared to hydrocarbon 
fuels. Its wider inflammability limits and higher flame speeds have showed higher 
thermal efficiency and lesser exhaust emissions compared with petrol engines. 

• Depending on gasoline-methanol mixture, some changes in fuel supply are essential. 
Simple modifications to the carburettor or fuel injection can allow methanol to replace 
petrol easily. 

Some important features of methanol as fuel: 

1. The specific heat consumption with methanol as fuel is 50 percent less than petrol 
engine. 

2. Exhaust CO and HC are decreased continuously with blends containing higher and higher 
percentage of methanol. But exhaust aldehyde concentration shows a reversed trend. 

3. Methanol can be used as supplementary fuel in heavy vehicles powered by C.I. engines 
with consequent saving in diesel oil and reduced exhaust pollution. 

Advantages of methanol: 

1, Owing to its excellent anti-knock characteristics, it is much suitable for S.I. engines. 

2. Methanol use maintains good air quality (Methanol emits less amount of C0 2 and other 
polluting gases as compared to gasoline fueled vehicles). 


Visit: www.Civildatas.com 















(10 kJ / kWh)-► # # Brake power (kW) 


320 


INTERNAL COMBUSTION ENGINES 


3. Tertiary butial alcohol is used as an octane improving agdnt 

4. One percent methanol in petrol is used to prevent freezing of fuel in winter. 

. o-propyl alcohol is used as anti-icing agent in carburettor 

6 ' ^ * — - — faster rate 

Performance of methanol as I.C. engine fuel: 

The performance characteristics are considered as : 

Thermal efficiency verses A/F ratio ; 

I Effect of A/F^ratioTT'T and spedfic heat consumption with petrol engine ; 
riirect ot A/f ratio on exhaust emission. 

• Fig. 9.21 (a) shows the effect of A/F ratio and speed on brake power. 



Fig. 9.21 Effect of A/F ratio and speed on brake power. 
Fig. 9.22 shows the effect of load on specific heat consumption. 
Fig. 9.23 shows the effect of speed on volumetric efficiency. 



2000 4000 6000 

Speed (r.p.m.)-v 

Fig. 9.22^ 
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Speed (r.p.m.)-> 

Fig. 9.23 
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• Fig. 9.24 to 9.27 show the effect of equivalence ratio on all important objectionable 
emissions, CO, HC, NO x and aldehydes respectively, for Petrol and Methanol. 



Fig. 9.24 
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Equivalence ratio -► 

Fig. 9.25 
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Equivalence ratio -► 


Fig. 9.26 

9.3.3.2. Ethanol 



• Ethanol can be made from ethylene or from fermentation of grains and sugar . Much of 
it is made from corn, sugar beets, sugarcane, and even cellulose (wood and paper). 
The present cost of ethanol is high due to the manufacturing and processing required. 
This would be reduced if large amounts of this fuel are used. 

• Ethanol has less HC emissions than gasoline but more than methanol. 

• Gasohol is a mixture of 90% gasoline and 10% ethanol. As with methanol, the develop¬ 
ment of systems using mixtures of gasoline and ethanol continues. 
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322 INTERNAL COMBUSTION ENGINES 

— Two mixture combinations that are important are E 85 (85% ethanol) and E10 
(gasohol). E 85 is basically an alcohol fuel with 15% gasoline added to eliminate 
some of the problems of pure alcohol cold starting, tank flammability, etc.). 
E 10 reduces the use of gasoline with no modification needed to the automobile 
engine. Flexible-fuel engines are being tested which can operate on any ratio of 
ethanol-gasoline. 

Performance of engine using ethanol: 

The effect of speed on power output, brake specific heat consumption and thermal efficiency 
of an engine using ethanol is compared with gasoline engine as shown in Fig. 9.28 to 9.30. 



1000 3000 5000 7000 9000 

Speed (r.p.m.)-► 


Fig. 9.28 



2000 4000 6000 8000 


Speed (r.p.m.)-► 

Fig. 9.29 



1000 3000 5000 7000 9000 

Speed (r.p.m.) -► 


Fig. 9.30 

• The power output of ethanol engine is higher compared to gasoline engine at all speeds. 

• The brake specific heat consumption is improved with ethanol engine compared with 
petrol engine. 
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• The maximum thermal efficiency of ethanol engine is higher than petrol engine. The 
efficiency curve of ethanol engine is flat for a wide range of speed which indicates that 
the part load efficiency is much compared with petrol engine. 

• The 'engine torque is considerably higher for ethanol as compared to petrol engine. 

9.3.3.3. Properties of Methanol and Ethanol 

The physical and chemical properties of gasoline, methanol and ethanol are listed in the 

Table 9.3. - 

Table 9.3. Important properties of gasoline, methanol, ethanol 


S. Mo. 

Property 

Gasoline nearly 
CgHjg (Iso-Octane) 

Methyl alcohol 
(CH 3 OH) 

Ethyl-alcohol 

(CfdpU) 

1 . 

Molecular weight 

114.2 

32 

46 

2. 

Boiling point at 1 bar °C 

43 to 170 

66 

78 

3. 

Freezing point *C 

-107.4 

-161.8 

-117.2 

4. 

Specific gravity (150*0 

0.72 to 0.75 

0.79 

0.79 

5. 

Latent heat (kJ/kg) 

400 

1110 

900 

6. 

Viscosity (centipoise) 

0.503 

0.596 

0.60 

7. 

Stoichiometric A : F (ratio) 

' 14.6 

6.45 

9 

8. 

Mixture heating value (kJ/kg) 

2930 

3070 

2970 

9. 

(for stoic-mixture) 

Ignition Limits (A/F) 

8 to 19 

2.15 to 12.8 

3.5 to 17 

557 

10. 

Self ignition Temp. 

335 

574 

11. 

Octane Number 
(a) Research 

80 to 90 

112 

111 


(6) Motor 

85 

91 

92 

12. 

Cetane Number 

15 

3 

8 

13. 

Lower C.V. (kJ/kg) 

44100 

19740 

26880 

14. 

Vapour pressure at 38*C (bar) 

0.48 to 1 

0.313 

0.17 

15. 

Flame speed (m/sec) 

0.43 

0.76 


16. 

Auto-ignition temperature (°C) 

222 

467 



9.3.4. Alcohol-Gasoline Fuel Blends 

• Normally straight alcohols are not used in automobile engines except methanol in rac¬ 
ing cars. The alcohols can be used as blend with gasoline as this has the advantages 
that the existing engines not be modified and TEL (Tetraethyl lead) can be eliminated 
from gasoline due to the Octane enhancing quality of alcohol . 

• If the engine is to be operated using only pure alcohol , then some major modifications are 
required in the engine and fuel system as listed below : 

(i) The materials used with alcohols have to be changed since both alcohols are corro¬ 
sive to many of the materials that are used with gasoline. 

(. U ) Adjustment of carburettor and fuel injection system to compensate for leaning effect. 

(iii) Introduction of high energy ignition system with lean mixture. 

(iv) Alteration in fuel pump and circulation system to avoid vapour lock as methanol 
vapourisation rate is very high. 

(y) Increase in compression ratio to make better antiknock properties of the fuel. 

(vi) Addition of detergent and volatile primers to reduce engine deposits and assit in cold 
starting. 


Visit: www.Civildatas.com 



















































Temperature, 


Visit: www.Ci 


324 



INTERNAL COMBUSTION ENGINES 

® engine can bes^!"*"**” ° Ver pure ethan ol : 

(S) LubnW— C0rr0Si0n with pure ethanol. 

J sot , m Petr0! and aIc ° ho1 bIen <i is more or less same 
tiv) Some benzene is added to Drevpnt same. 

When blends are used, the following minor m 10n .° f * ayers of petrol and alcohol. 

© The carburettor jet needs^o be i dlftc f lons m en &ne are required : 

petrol. J6t DeedS t0 be lncreas ed to increase the flow 1.56 times that of 

£! geU^sairTb! '7' ^ *° higher **«*■ 

tion than petrol. Iend requires les s air for complete combus- 

• Fig. 9.31 shows the change in distillaln f a g dlfficult below 70 ” c - 

Fig. 9.32 shows the leaning effect of alcoh f a nUXtUre of methanol and ethanol. 

Fig. 9.33 shows the antilZ*™,1^1 °'^ tm to ***■ 
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9.3.5. Hydrogen 

A number of companies have built automobiles with prowcype or modified engines which 
operate on hydrogen. 

A H 2 -powered car being developed in Melbourne University Department of Mechanical 
Engineering is achieving 40 percent energy saving over conventional petrol engine. The 
car is a converted Ford Cortina Wagon which carries enough fuel in 4-cylinders to travel 
upto 50 km at a speed of 130 km/h. \ 

German cars are so developed that they can be converted for driving either gasoline or 
H 2 by making a few simple adjustments. Presently a few vehicles are running on road 
as there are very few public filling stations for liquid H 2 . Many more are planned for 
future. 

Advantages of hydrogen as I.C. engine fuel: 

1. Low emissions. Essentially no CO or HC in the exhaust as there is no carbon in the fuel. 
Most exhaust would be H 2 0 and N 2 . 

2. Fuel availability. There are a number of different ways of making hydrogen, including 
electrolysis of water. 

3. Fuel leakage to environment is not a pollutant 

4. High energy content per volume when stored as liquid. This would give a large vehicle 
range for a given fuel tank. 

5. Hydrogen-air mixture burns ten-times faster compared to gasoline-air mixture. Since the 
burning rate is considerably high, it is more preferred in high speed engines. 

6. Hydrogen-ignition limits are much wider than gasolines. So it can burn easily and give 
considerably higher efficiency. 

7. Hydrogen has high self-ignition temperature (S.I.T.) but very little energy (1/50 th of 
gasoline) is required to ignite it. 

8. The exhaust heat can be used to extract H^ from the hybridc reducing the load engine . 

9. Besides being a relatively clean burning renewable source, as I.C. engine fuel is very 
efficient as there are no losses associated with throttling. 

Disadvantages : 

1. The handling of H 2 is more difficult and storage requires high capital and running cost 
particularly for liquid Hp 

2. Difficult to refuel. 

3. Poor engine volumetric efficiency. Any time a gaseous fuel is used in an engine, the fuel 
will displace some of the inlet air and poorer volumetric efficiency will result. 

4. Fuel cost would be high at present day technology and availability. 

5. Can detonate. 

6. High NO x emissions because of high flame temperature. 

t. In hydrogen engines there is a danger of back fire and induction ignition which can melt 
the carburettor. Therefore in H 2 -fuel system, flame traps, flask back arresters are neces¬ 
sary. Additionally, crankcases must be vented to prevent accumulation of explosive mix¬ 
tures. 

9.3.6. Natural Gas (Methane) 

• Natural gas is a mixture of components, consisting mainly of methane (60-98%) with 
small amounts of other hydrocarbon fuel components. In addition it contains various 
amounts ofN 2 , C0 2 , He and traces of other gases . Its sulphur content ranges from very 
little (sweet) to larger amounts (sour). 
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An idea/ composition of CNG as an automative fuel is as follows : 

(maximum W) fc • ’/ **?"* eon<en ' = 4% (malim “> ! Propane contenf = 1.7% 

0 2% Zvim C <* nd J ll f her = °; 7% (maximum); C 6 and higher = 0.2% (maximum); rCO„ + AU = 
o'c! ’ hydrogen = 0.1% (maximum); Car&on monoxide = 0.1% (maximum); Oxygen = 

0.5% (maximum); Sulphur = 10% ppm (maximum). ’ 

* It is stored as Compressed Natural Gas (CNG) at pressures of 7 to 21 bar and a 
temperature around -160°C. 

* As a fuel it works best in an engine system with a single-throttle body fuel injector. This 
gives a longer muang time, which is needed by this fuel. 

* Tests using CNG in various sized vehicles continue to be conducted by government 
agencies and private industry. 

Properties of CNG: 

The properties of CNG are almost similar to that of methane : 

* wTn e , haS V6ry T* a "‘'. k r n ° ck qualities which means it docs not ignite readily. Anti¬ 
knock Octane number of CNG is nearly 130, so it burns at much higher temperature 
compared with petrol unleaded (Octane No = 95) and diesel which have low octane number 

* n!“ g „ to b ! tt6r a u nti ^ 0CkqUa,ity of CNG !t can be s^ely used in engines with a com- 
pression ratio as high as 12 : 1 compared with petrol (maximum 10 : 1). 

— The CNG fuel used engines have higher thermal efficiencies than those fuelled by 
gasoline. In addition to this, the reduction in the pollutants emitted by CNG en¬ 
gine is noticeable. 

* r d li fm ter th ? n air S0 When leaka e e O'*™ U disappears un- 

like gasoline which paddles and evaporates. 

* hvelvlTfS 1 ?^ I th8116 aDd pr0pane even in small percentages (5% and 2%, respec- 

Charact^ r a"™” 8 pr0pertleS of CNG. Both the gases try to lower the Octane 
characteristics and causes pre-ignition and reduced fuel efficiency. 

Advantages of CNG: 

W High octane number makes it a very good S.I. engine fuel. 

(it) Low engine emissions. Less aldehydes than with methanols. 

(Hi) It is cheap (It costs about 25 to 50% less than gasoline and more than 50% less than other 
alternative fuels, such as methanol and ethanol. 

(iv) It is engine friendly. 

(i>) It is safe in operation. 

( °° w"ld-wide. Natural gas is the second most abundant fuel available 

(vii) Easy to tap. 

(viii) It is odourless. 

Ox ) It is clean. 

Disadvantages of CNG: 

(0 Low\energy density resulting in low engine performance. 

(u) Low engine volumetric efficiency because it is a gaseous fuel. 

(ui) Need for large pressurised fuel storage tank. 

(iv) Inconsistent fuel properties. 

(u) Refueling is a slow process. 

<Vl) Ioo e i^° r Bu e t 8 l0t ° f u P , aCe , 83 the ° nCe filIed has t0 travel at least of 

and other fuel ^ byfue duel rfuel engines which can run on CNG 
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9.3.7. LPG and LNG 

• LPG (Liquified Petroleum Gas ) is mainly propane but may also contain a small propor¬ 
tion of butane and possibly, some ethane and a little pentane in heavier vapour form. 
The heavier fractions tend to occur in LPG produced by distillation of crude oil. 

— Propane has a higher octane number, burns more dearly and saves on mainte¬ 
nance costs. 

— Propane is gaining as a gasoline substitute because it costs 60% of petrol and gives 
90% mileage of its fellow gasoline. 

• LNG ( Liquified Natural Gas ) comes from dry natural reservoirs mainly CH 4 with very 
small percentages of ethane and propane. 

— The major difficulty encountered in the use of this gas is its boiling temperature 
- 161.5°C. 


9.3.8. Biogas 


9.3.8.1. Introduction 

• The biogas is generally produced from by dung from different beasts as cow, buffalo, 
goat, sheep, horse, donkey and elephant. Some other sources are : 

(i) Sewage » (ii) Crop residue 

(Hi) Vegetable wastes ( iv ) Water hyacinth 

(i0 Alga ( vi ) Poultry droppings 

(vii) Pig manure (viii) Ocean kelp. 

• Biogas is produced by digestion, pyrolysis or hydrogasification. Digestion is a biological 
process that occurs in absence of oxygen and in the presence of anaerobic organism at 
ambient pressures and temperatures of 35-70°C. The container in which digestion takes 
place is known as the digester. Biogas plants have been built in various designs. 

9.3.8.2. Composition and Properties of Biogas 

• Its main combustible component is CH 4 and another major component is C0 2 which re¬ 
duces its octane number. The components of biogas with composition are given below : 

Component Composition 

(% volume) 


ch 4 

C0 2 

H 2 and N 2 


50—60 
30—45 
5—10 
Traces 


I^S and 0 2 
Octane rating : 110 with C0 2 

130 without C0 2 

• Biogas possesses excellent antiknock properties with an equivalent Octane number in 
excess of 120 compared with 87 for regular petrol. 

• Its auto-ignition temperature is higher than petrol which makes it a safer fuel. 

• Being a gas it mixes readily with air even at low temperature, therefore, there is no 
need to provide rich mixture during starting or idling. 

• Although its calorific value is lesser than petrol, it is possible to use higher compression 
ratio for the same size engine thus making it possible to generate the same amount of 
power. 

Use of biogas in S.I. engines : 

S.I. engines can be operated on biogas after starting the engine by using petrol. Biogas can 
be used in these engines in two forms as : 
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0) To run the engine entirely on biogas. 

these d U ays). nglne Wher6 ““ rUD 0n both fuels - ^his arrangement is preferred 

9-3.8 3. Advantages of using biogas as fuel in C.I. engine 

«Aunl™ ** ^C r i V engTne ne Perf ° rmanCe ' 

Du e to clean operadon^the ^ timeS * 

(*“) biogas is used as a fuel NO emw” ” ^ U& ^ n0 CO “ emission in exhaust. 

W Soot is virtually eli m ina Jd ^ Md “ 0d * about 60 P- cent. 

obtained while operating the engine^rith diesd'oih’ k*** lgSS pungent od °w than that 


WORKED EXAMPLES | 


Exa . o Mr ' FUel 113450 a ” d ADalySiS ° f Products of Combustion 

acetylene (CfljtoCO^andHfi" am ° U "' ° ftheoreti «* air required for the combustion of 1 kg of 
Solution. For combustion of acetylene ff h UK . . 


r, 1 . 2 aa 2 t xyj 2 -> (J0 9 + b HoO 

“’f «... w 

Now balancing Ayrfrogen atoms on both sides! we get 
2H = 26H 

_ 6 = 1 
Thus, equation (i) becomes 

Now K i ■ C ^ + x0 2-> 2C0 2 + HO 

’ balancmg We™ atoms in the above equation 

tt ^ = 2 x 2 +l =5 i p -r ~ o k 

ence, the final combustion equation (i) is 


...«) 


C 2 H 2 + 2.50 2 - 


2C0 2 + H a O 


or 

i.e., 


C,H, . 2.50, . 2.(2) 2CO, . H,0.2. (ff)„, 

On a mass basis, this becomes V21 ' 

B X 12 + 2 X X) ^ + 2 5 (2 x 16 > ° 2 + 2.5 (g) ( 2 „ 14) N2 

-> 2 (12 + 2 x 1(5) C0 2 + (1 x 2 + 1 x 16) H n . o e (II), 

26 kg C 2 H 2 + 80 kg 0 2 + 263.3 N 2 —+ 88 kg CO + 1ft k H f Ul J (2 X 14) N 2 

1 kg C 2 H 2 + 3.076 kg 0 2 + 10.12 kg N ^ 3 3 « J * g H ’° + 2633 kg N 2 
Amount of air = 3.076 + 10 12 - 13 lflfi kv f ■ kg C0 2 + 0 69 kg ^ 2 ° + 10.12 kg N 2 
Hence amount of tbeo^L * re q 

= 13.196 kg r (Is ) C ° m ” ° f 1 ^ aC6ty,ene 
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Solution. The Stoichiometric air equation (Example 9.1) is written as : 
C 2 H 2 + 2.5 0 2 + 2.5 


f 79 l 

( 7' 


[Eh- 

-» 2C0 2 + E^O + 2.5l g 

lJ N 3 


C 2 H 2 + (2) (2.5) 0 2 + (2) (2.5) J N 2 -* 2C0 2 + H 2 0 + (2) (2.5) (gj N 2 + (1) (2.5) 0 2 

(2 x 12 + 2 x 1) kg C 2 H 2 + (2) (2.5) (2 x 16) kg 0 2 + (2) (2.5) 


(2 x 14) kg N 2 

» 2 (12 + 2 X 16) kg C0 2 + (2xl + 16) kg H 2 0 + (2) (2.5) (2 x 14) kg N 2 

„„ A + (1) (2.5) (2 x 16) kg 0 2 

_ . ? J H;i + 160 kg °2 + 526 6 kg N 2 -—> 88 kg CO, + 18 kg H 2 0 + 526.6 kg N 2 + 80 kg O 

> 3.38 kg C0 2 + 0.69 kg H 2 0 + 20.25 kg N 2 + 3.07 kg 


or 1 kg C 2 H 2 + 6.15 kg 0 2 + 20.25 kg N- 


Thus for 1 kg of fuel, the products will consist of 
C0 2 = 3.38 kg 
H 2 0 = 0.69 kg 


Total mass of products 
Mass fractions are : 


0 2 = 3.07 kg 
N 2 = 20.25 kg 

= 27.39 kg 


„ 3.38 

2 27.39 ~ 0123 

ho-M 

2 27.39 

o -ML 

2 27.39 


N n 


20.25 


= 0.025 
: 0.112 
: = 0.739. 


2 “ 27.39 

Hence the gravimetric analysis of the complete combustion is : 

C0 2 * 12.3%, H 2 0 = 2.5%, O a = 11.2%, N 2 = 73.9%. (Ans.) 

co mbu ^Zfuau!nf s alCUlate ** rati ° f ° r tk * oombustion of octane, CJB„ The 


CgHia + 12.5 0 2 + 12.5 j 


N 0 


> 8C0 2 + 9H s O + 12.5 | | K. 


Solution. The air-fuel ratio on a mole basis 

12.5 +12.5 


A/F : 


= 59.5 mol air/mol fuel 


the airltd fue° retiCal a ’ r ' fUel rati ° ^ 8 m3SS basis is found by “‘reducing the molecular weight of 
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/ 


59.5(28.97) 

A/F= (8x12+1x18) = 15 - 08k g air/k 8 fuel- (Ans.) 

Example 9.4. One kg of octane (CqHjq) is burned with 200% theoretical air. Assuming com¬ 
plete combustion determine: 

( i ) Air-fuel ratio 

C H ) Dew point of the products at a total pressure 100 kPa. 

Solution. The equation for the combustion of C g H 18 with theoretical air is 


C g H 18 + 12.5 0 2 + 12.5 


GtH 


► 8C0 2 + 91^0 + 12 


For 200% theoretical air the combustion equation would be 


• 5 0 N 2 


C 8 H ]8 + (2)(12.5)0 2 + (2)(12 


-© 


N 0 


► 8C0 2 + 9H 9 0 + (1) (12.5) 0 9 + (2) (12. 


Mass of fuel = (1) (8 x 12 + 1 x 18) = 114 kg/mole 

(. 79 ^ 

I * + 2 1 J 28.97 = 3448.8 kg/mole of fuel 




No 


Mass of air = (2) (12.5) 

(i) Air-fuel ratio : 


i.e., 


Air-fuel ratio, A/F = 
A/F = 


Mass of air 
Mass of fuel 
30.25. (Ans.) 


114 


= 30.25 


(ii ) Dew point of the products, t d : 
Total number of moles of products 


= 8 + 9 + 12.5 + (2) (12.5) 



123.5 moles/mole fuel 


9 

Mole fraction of I^O = = 0.0728 

Partial pressure of H 2 0 = 100 x 0.0728 = 7.28 kPa 

The saturation temperature corresponding to this pressure is 39.7*0 which is also the dew¬ 
point temperature. 

Hence t rfp = 39.7°C. ( Ans.) 

Note. The water condensed from the products of combustion usually contains some dissolved gases and 
therefore may be quite corrosive. For this reason the products of combustion are often kept above the dew point 
until discharged to-the atmosphere. 

Example 9.5. One kg of ethane (Q^I 6 ) is burned with 90% of theoretical air . Assuming com¬ 
plete combustion of hydrogen in the fuel determine the volumetric analysis of the dry products of 
combustion. ^ 

Solution. The complete combustion equation for C 2 H g is written as : 

C 2 Hg + 3.5 0 2 -> 2C0 2 + 3H 2 0 

The combustion equation for C 2 H g for 90% theoretical^ir is written as : 

C 2 H G + (0.9)(3.5) 0 2 + (0.9) (3.5) N 2 - >a C0 2 + 6 CO + 3H 2 0 + (0.9) (3.5) f|yj N 2 
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and 


By balancing carbon atoms on both the sides, we get 
2 = a + b 

By balancing oxygen atoms on both the sides, we get 
(0.9) (3.5) (2) = 2a + 6 + 3 

Substituting the value of 6 ( = 2 - a) from eqn. (i) in eqn. (ii). we get 
(0.9) (3.5)(2) = 2a + 2- a + 3 
6.3 = a + 5 
a = 1.3 

6 = 2 - a = 2 ~ 1.3 = 0.7 

Thus the combustion equation becomes : 

C 2 H 6 + (0.9) (3.5) 0 2 + (0.9) (3.5) (|jJ N 2 

-» 1.3 C0 2 + 0.7 CO + 3H 2 0 + (0.9) (3.5) 


..ii) 


Mi) 


(S>. 


Total number of moles of dry products of combustion 


79^ 

21J 


= 1.3 + 0.7 4 (0.9) (3.5) \^J 

-s 1.3 + 0.7 + 11.85 = 13.85 moles/mole of fuel 

Volumetric analysis of dry products of combustion is as follows : 

13 


CO, 


CO 


13.85 
0.7 
: 13.85 
_ 11.85 
Nz= 13.85 


x 100 = 9.38%. (Ans.) 


x 100 = 5.05%. (Ans.) 


x 100 = 85.56%. (Ans.) 


^Example 9.6. Methane (CHJ is burned with atmospheric air. The analysis of the products 

on a ‘dry* basis is as follows : 

CO 2 = 10.00%, 0 2 = 2.37%, CO = 0.53%, N 2 = 87.10%. 
ii) Determine the combustion equation; (ii) Calculate the air-fuel ratio; 

(iii) Percent theoretical air. 

Solution, (i) Combustion equation : 

From the analysis of the products, the following equation can be written, keeping in mind 
that this analysis is on a dry basis. 

x CH 4 +y0 2 + z N 2 -> 10.0 C0 2 + 0.53 CO + 2.37 0 2 + a H 2 0 + 87.1 N 2 

To determine all the unknown co-efficients let us find balance for each of the elements. 

Nitrogen balance : z — 87.1 

Since all the nitrogen comes from the air, 


z 79 
- = -rr \y 
y 


87.1 


'=23.16 


Carbon balance: 
Hydrogen balance : 


21 (79/21) 

X = 10.00 + 0.53 = 10.53 
a = 2x = 2 x 10.53 = 21.06 
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oxygen bailee prwides "t ? 8 for ’ 811,1 in this case the 

bailee tne aCCUrac ^ Thus > y can also be detennined by an oxygen 

y = 10.00 + + 2.37 + = 23.16 

Substituting these values for *, y, z and a, w e have, 

Dirtdfng 0 53 C ° + *** ° 2 + 2106 + 871 N 2 

CH. + 2.2 O. + 8.27 N -ITuf™ c ° mbust «»» equation per mole of fuel 
to) Air-fuel ratio A/F ? 2 + -05 CO + 2H 2 ° + 0-225 0 2 + 8.27 N 2 . (Ans.) 

The air-fuel ratio on a mole basis is 

T , . . 2.2 + 8.27 = 10.47 moles air/mole fuel. (Ans) 

° n 3 maSS ba$is is found by introducing the molecular weights 

10.47x28.97 


A/F = 


x zo.y / 

t ~ (12 + 1x4)' = 18 - 96 k « air/kg fuel. (Ans.) 

PU , ftA . « f 7® 1 — f 7Q \ 


^ cumDustion eqt 

/ 7 a > 

ch 4 + 20 2 + 2 (-J N 2 —+ C 0 2 + 2 H .0 + ( 2 ) g] N . 

h 2 (S)k" 

». no . 1 . = 


theo. ; 

tot) Percent theoretical air: 
Percent theoretical air = 18 96 


(12 + 1x4) 
x 100 = 110%. (Ans.) 


17.24 kg air/kg fuel. (Ans.) 


17.24 ~ 11u% * (Ans.) 

^ Calculate^ ^ ana/ysis o/a sample of coal Ugwen as S2% c and g% 

(0 The stoichiometric AJF ratio: /;« m. , ■ , , 

Solution. © The stoichiometric A/F ratio : »f the products by volume. 

1 kg of coal contains 0.82 kg C and 0.10 kg H ' 

••• 1 kg of coal contains mo les C and ^ mo , es ^ 

Let the oxygen required for complete combustion = * moles 

Then the nitrogen supplied with the oxygen = * x g = 3 .7fo moles 

or kg of coal the combustion equation is therefore as follows • 

0.82 n 10 


0-82 0.10 
12 C + H 2 + ^C0 2 + 3.7&cN 2 - 


0.82 


Then, Carbon balance: 
Hydrogen balance: 2 x 
Oxygen balance : 2x ~ 2a + b 


> a c °2 + b H 2 0 + 3.76* N 9 


12 

0.10 

2 


= 26 


a = 0.068 moles 
b = 0.05 moles 

2x0.068 + 0 . 


x = 


>.05 ^ 

-J = o, 


■093 moles 
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i.e., 


The mass of 1 mole of oxygen is 32 kg, therefore, the mass of 0 2 supplied per kg of coal 
= 32 x 0.093 = 2.976 kg 

2.976 


Stoichiometric AfF ratio = 


0.233 


(where air is assumed to contain 23.3% 0 2 and 76.7% N 2 by mass) 

Total moles of products = a + b + 3.76* = 0.068 + 0.05 + 3.76 x 0.093 = 0.467 moles 
(if) Analysis of the products by volume : ) 

The analysis of the products by volume is : 

0.068 

CO* = 77777 x 100 = 14.56%. (Ans.) 


H, 


2 0.467 

0.05 
0.467 


x 100 = 10.7%. (Ans.) 


N,= 


(3.76 x 0.093) 
0.467 


x 100 = 74.88%. (Ans.) 


•^Example 9.8. Calculate the stoichiometric air-fuel ratio for the combustion of a sample of 
dry anthracite of the following composition by mass : 

Carbon (C) -88 per cent Hydrogen (H 2 ) = 4 per cent 

Oxygen (0 2 ) = 3.5per cent Nitrogen (N 2 ) = 1 per cent 

Sulphur (S) = 0.5 per cent Ash - 3 per cent 

If 30 per cent excess air is supplied determine : 

( i ) Air-fuel ratio 

Hi) Wet dry analysis of the products of combustion by volume. 

Solution. Stoichiometric air-fuel (A/F) ratio : 

In case of a fuel with several constituents a tubular method is advisable, as shown below. 
Each constituent is taken separately and the amount of oxygen required for complete combustion 
is found from the chemical equation. The oxygen in the fuel is included in the column headed 
‘oxygen required* as a negative quantity. 



Moss per 
kg coal 

Combustion equation 

Oxygen required per 
kg of coal 

Products per kg of coal 

c 

0.88 

c + o 2 —>co 2 

32 

0.88 x — = 2.346 kg 

44 

0.88 x ” = 3.23 kg C0 2 



12 kg + 32 kg- > 44 kg 



h 2 

0.04 

2H2 + 0 2 ->2H 2 0 

1 kg + 8 kg > 9 kg 

0.04x8 = 0.32 kg 

0.04 x9 = 0.36 kg H 2 0 

°2 

0.035 

— 

-0.035 kg 

— 

N 2 

0.01 

— 

— 

0.01 kg N 2 

s 

0.005 

s + o 2 —>so 2 

32 

0.005 x — =£ 0.005 kg 

64 

0.005 x — =0.01kgSO 2 



32 kg + 32 kg- > 64 kg 



Ash 

0.03 

— 

— 

— 




Total 0 2 = 2.636 kg 
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From table : 

0 2 required per kg of coal 
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= 2.636 kg 


required per kg of coal = = 11.31 kg 

0.233 ^ 

(where air is assumed to contain 23.3% 0 2 by mass ) 

N 2 associated with this air = 0.767 x 11.31 = 8.67 kg 
*'■ Total N 2 in products = 8.67 + 0.01 = 8.68 kg 

The stoichiometric A/F ratio » 11.31/1. (Ans.) 
When 30 per cent excess air is used : 

(i) Actual A/F ratio : 


Actual A/F ratio = 11.31 + 11.31 x-~ = 14.7/1. (Ans.) 

(ii) Wet and dry analyses of products of combustion by volume : 

As per actual A/F ratio, N 2 supplied = 0.767 x 14.7 = 11.27 kg 
Also 0 2 supplied = 0.233 x 14.7 = 3.42 kg 
(where air is assumed to contain N 2 = 76.7% and 0 2 = 23.3) 

In the products then, we have 

N 2 = 11.27 + 0.01 = 11.28 kg 
and excess 0 2 = 3.42 - 2.636 = 0.784 kg 

The products are entered in the following table and the analysis by volume is obtained : 

— In column 3 the percentage by mass is given by the mass of each product divided by 
the total mass of 15.66 kg. 

In column 5 the moles per kg of coal are given by equation n * . The total of 

M 

column 5 gives the total moles of wet products per kg of coal, and by subtracting 
the moles of H 2 0 from this total, the total moles of dry products is obtained as 
0.5008. 

Column 6 gives the proportion of each constituent of column 5 expressed as a per¬ 
centage of the total moles of the wet products. 

Similarly column 7 gives the percentage by volume of the dry products. 


Product 

Mass/kg coal 

% by mass 

M 

Moles / kg coal 

% by voL wet 

% by voL dry 

1 

2 

3 

4 

5 

6 

7 

co 2 

3.23 

20.62 

44 

0.0734 

14.10 

14.66 

h 2 o 

0.36 

2.29 

18 

0.0200 

3.84 

_ 

so 2 

^ 0.01 

0.06 

64 

0.0002 (say) 

0.04 

0.04 

o 2 

0.78 

4.98 

32 

0.0244 

4.68 

4.87 

N 2 

11.28 

72.03 

28 

0.4028 

77.34 

80.43 


15.66 kg 


Total wet - 0.5208 

100.00 

100.00 (Ans.) 




- H 2 0 = 0.0200 






Total 

diy/z 0.5008 
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Example 9.9. The following analysis relate to coal gas : 

H 2 = 50.4 per cent . CO = 17 per cent 

CH 4 = 20 per cent CJi 8 = 2 per cent 

0 2 = 0.4 per cent N 2 = 6.2 per cent 

CO 2 = 4 per cent. 

(i) Calculate the stoichiometric A/F ratio. 

( U ) Find also the wet and dry analyses of the products of combustion if the actual mixture is 
30 per cent weak. 

Solution. The example is solved by a tabular method ; a specimen calculation is 
given below : 

For CH 4 : 

CH 4 + 20 2 -> C0 2 + 21^0 

i,e., 1 mole CH 4 + 2 moles 0 2 -> 1 mole C0 2 + 2 moles H 2 0 

There are 0.2 moles of CH 4 per mole of the coal gas, hence 

0.2 moles CH 4 + 0.2x2 moles 0 2 ->0.2 moles C0 2 + 0.2x2 moles H 2 0 

0 2 required for the CH 4 in the coal gas = 0.4 moles per mole of coal gas. 

The oxygen in the fuel (0.004 moles)*is included in column 4 as a negative quantity.' 


Product 

Moles/mole 

fuel 

Combustion equation 

0 2 molest 
mole fuel 

Products 

co 2 

Hfl 

1 

2 

3 

4 

5 

6 

HLO 

0.504 

2H 2 + 0 2 ->2H 2 0 

0.252 

— 

0.504 

CO 

0.17 

2CO + 0 2 - > 2C0 2 

0.085 

0.17 

— 

ch 4 

0.20 

CH 4 + 20 2 - > C0 2 + 2H 2 0 

0.400 

0.20 

0.40 

c 4 h* 

0.02 

C 4 H 8 + 60 2 - > 4CO a + 4^0 

0.120 

0.08 

0.08 

o 2 

0.004 

— 

-0.004 

— 

— 

n 2 

0.062 


— 

— 

— 

co 2 

0.04 

- 

— 

0.04 

— 



Total = 0.853 

0.49 

0.984 


(i) Stoichiometric A/F ratio : 


Air required = • ^ ^ = 4.06 moles/mole of fuel 

(where air is assumed to contain 21% 0 2 by volume) 

Stoichiometric AIF ratio = 4.06/1 by volume. (Ans.) 

(ii) Wet and dry analysis of the products of combustion if the actual mixture is 30% 
weak : 

Actual A/F ratio with 30% weak mixture 
30 

= 4.06 + x 4.06 = 1.3 x 4.06 = 5.278/1 

Associated N 2 = 0.79 x 5.278 = 4.17 moles/mole fuel 

Excess oxygen = 0.21 x 5.278 - 0.853 = 0.255 moles 

Total moles of N 2 in products = 4,17 + 0.062 = 4.232 moles/mole fuel. 
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Analysis by volume of wet and dry products 
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Product 

MolesJmole fuel 

% by vol (dry) 

% by voL (wet) 

co 2 

h 2 o 

0.490 

0.984 

9.97 

8.31 

° 2 

N 2 

0.255 

4.170 

5.19 

84.84 

16.68 

4.32 

70.69 


Total wet = 5.899 
-H 2 0 = 0.984 

Total dry = 4.915 

100.00 

100.00 (Ans.) 


(C 3 h 6 0), in a petrol engine. Calculate t^air-fuelraullftbrth^Lt^ C ° mbustlon °f cth yl alcohol 
cent and 130per cent. Determine also the wet and ^ ^ e extreme mixture strengths of 80 per 

mixture strength . ^ ana ^ ses ^ v °lume of the exhaust gas for each 

Solution. The equation for combustion of ethyl alcohol is as follows : 


C 2 H 6 0 + 30 2 - 


> 2C0 2 + 3H 2 0 


Then balancing the atoms of oxygen, it is seen that there are (2 x 2 + 3) - 7 ofn 

ipsasssi 

Since the 0 2 is supplied as air, the associated N 2 must appear in the equation, 

C 2 H 6 ° + 30 2 + 3 X !y N 2 -> 2CO a + 3HjO + 3 x N 2 

mass 0f O (3 e x m 3 0 2 t°96 U i haS 3 ° f (2 X 12 + 1 x 6 + = 46 kg. Three moles of oxygen have a 


0 2 required per kg of fuel = — 


96 

= ^=2.09 kg 


i.e., 


Stoichiometric A/F ratio = = 8.9C/1. (Ans.) 

Considering a mixture strength of 80% : 

Now, mixture strength = Stoichiometric A/F ratio 

Actual A/F ratio 

0.8 = 896/1 

Actual A/F ratio 

_ 83)6 
O.S~ 


Actual A/F ratio 


• = 11.2/1. (Ans.) 
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This means that 1/0.8 or 1.25 times as much air is supplied as is necessary for complete 
combustion. The exhaust will therefore contain 0.25 stoichiometric oxygen. 

i.e., C 2 H 6 0 + 1.25 ^30 2 + 3 x |?N 2 j-» 2C0 2 + 3H 2 0 + 0.25 x 30 2 + 1.25 x 3 x |j N 2 

i.e. , The products are : 

2 moles C0 2 + 3 moles H^O + 0.75 moles 0 2 + 14.1 moles N 2 
The total moles = 2 + 3 + 0.75 + 14.1 = 19.85 
Hence wet analysis is : \ 



4 

c° 2 = 19 85 X 100 = 10.08%. 

(Ans.) 


2 

1*2° = x 100 = 15.11%. 

(Ans.) 


- 0.75 

°» = 19.85 X 100 = 3 ' 78% - 

(Ans.) 

The total dry moles 
Hence dry analysis is 

„ 14.1 

N 2 = 1985 x 100 = 71.03%. 

= 2 + 0.75 + 14.1 = 16.85 

(Ans.) 


™ 2 

C0 2 - 16g5 x 100 = 11.87%. 

(Ans.) 


_ 0.75 

°^= 16.85 X 100 = 4 - 45% ‘ 

(Ans.) 


», 14.1 

N 2 - 16g5 x 100 = 83.68%. 

(Ans.) 

Considering a mixture strength of 130% : 


Now, 

Stoichiometric ratio 
Actual A/F ratio 


/. Actual A/F ratio 

8.96 

= Yg- = 6.89/1. (Ans.) 



This means that ^ ^ or 0.769 of the stoichiometric air is supplied. The combustion cannot be 

complete , as the necessary oxygen is not available. It is usual to assume that all hydrogen is burned 
to H 2 0, since hydrogen atoms have a greater affinity for oxygen than carbon atoms. The carbon in the 
fuel will burn to CO and C0 2 , but the relative proportions have to be determined. 

Let, a — Number of moles of C0 2 in the products, and 
6 = Number of moles of CO in the products 
Then the combustion equation is as follows : 

C 2 H 6 0 + 0.769 ^30 2 + 3 x j-> o C0 2 + b CO + 3H 2 0 + 0.769 x 3 x || N 2 
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To find a and b a balance of carbon and oxygen atoms can be made, 

i. e., Carbon balance : 

2 = a + b 

and Oxygen balance : 

1 + 2 x 0.769 x3 = 2a + 6 + 3 
or 2.614 = 2a+ 6 

From eqn. (i) and (ti)> we get a - 0.614, 6 = 1.386 
i.e. t The products are : 0.614 moles C0 2 + 1.386 moles CO + 3 moles RjO + 8.678 moles N 2 
The total moles = 0.614 + 1.386 + 3 + 8.678 = 13.678. 

Hence wet analysis is r 


.~(i) 


XU) 


0.614 

C ° 2 = 13.678 X 100 = 4 - 49% ‘ 

(Ans.) 

1 ooe 

C °= 13.678 X 100 = 1 °- 13% - 

(Ans.) 

H2 °= 13.678 X 100 = 21 - 93% - 

(Ans.) 

N2= 13.678 X 100 = 63 - 45% - 

(Ans.) 


The total dry moles 
Hence dry analysis is : 


CO, 


= 0.614 + 1.386 + 8.678 = 10.678 

0.614 


2 10.678 


x 100 = 6.75%. 


_ 1.386 

C ° = T0^8 x 100 = 12 - 98% - 

N, = x 100 = 81.27%. 


(Ans.) 

(Ans.) 

(Ans.) 


bar. 


■ 2 10.678 

Example 9.11. For the stoichiometric mixture of example 9.10 calculate : 

(£) The volume of the mixture per kg of fuel at a temperature of50°C and a pressure of 1.013 


( ii ) The volume of the products of combustion per kg of fuel after cooling to a temperature of 
130°C at a pressure of 1 bar. 

Solution. As before, 

79 79 

OftO + 30 2 + 3 x — N 2 -> 2C0 2 + 3H 2 0 + 3x-N 2 


79 


.*. Tqtal moles reactants = 1 + 3 + 3 x — = 15.3 
From equation, pV = nR 0 T 

nflpF _ 15.3 x 8.314 x 10 3 x (50 + 273) 
P 1.013x10* 

In 1 mole of fuel there are (2 x 12 + 6 + 16) = 46 kg 


21 


= 405.6 m 3 /mole of fuel 
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(i) Volume of reactants per kg of fuel = —- = &-817 m 3 . (Ans.) 

When the products are cooled to 130°C the H 2 0 exists as steam, since the temperature is 
well above the saturation temperature corresponding to the partial pressure of the H 2 0. (This 
must be so since the saturation temperature corresponding to the total pressure is 99.6 C, and the 
saturation temperature decreases with pressure. The total moles of the products is 

= ^2 + 3 + 3x^j = i6.3 


From equation, pV = nR Q T 

nRffT 16.3 x 8.314 x 10 3 x (130 + 273) 

v =-^- 

„ , 546.14 3 

(ii) Volume of products per kg of fuel - —“ = 11.87 m . 


= 546.14 m 3 /mole of fuel. 
(Ans.) 


■s-Example 9.12. The following is the composition of coal gas supplied, to a gas engine : 

H 2 = 50. 6 per cent; CO = 10 per cent ; CH f = 26per cent ; C 4 H g = 4 per cent; 0 2 = 0.4 per cent; 
CO 2 = 3 per cent ; N 2 = 6 per cent. 

If the air-fuel ratio is 7/1 by volume , calculate the analysis of the dry products of combustion. 
It can be assumed that the stoichiometric AJF ratio is less than 7/1. 


Solution. Since it is given that the actual AJF ratio is greater than the stoichiometric, there¬ 
fore it follows that excess air has been supplied. The products will therefore consist of C0 2 , H 2 0, 0 2 
and N 2 . 

The combustion equation can be written as follows : 

0.506H 2 + 0.1CO + 0.26CH 4 + 0.04C 4 H 8 + 0.0040 2 + 0.03C0 2 + 0.06N 2 + 0.21 x 70 2 + 0.79 x 7N 2 

-> a CO 2 + b li^O + c 0 2 + d N 2 


Then, 

Carbon balance : 0.1 + 0.26 + 4 x 0.04 + 0.03 = a 

Hydrogen balance : 2 x 0.506 + 4 x 0.26 + 8 x 0.04 = 2 b 

Oxygen balance : 0.1 + 2 x 0.004 + 2 x 0.03 + 0.21 x 7 x 

Nitrogen balance : 2 x 0.06 + 2 x 0.79 x 7 = 2 d 

:. Total moles of dry products = 0.55 + 0.411 + 5.59 = 6.65 
Then analysis by volume is : 


.*. a = 0.55 
b = 1.186 
2 = 2a + b + 2c c = 0.411 
d = 5.59 


CO a = x 100 = 8.39%. 
* 6.55 


0.55 
6.55 
_ 0.411 
° 2= 6.55 
5 59 

N 2 = frr x 100 = 85.34%. 
2 6.55 


(Ans.) 
x 100 = 6.27%. (Ans.) 


(Ans.) 


Example 9.13. The following is the analysis (by weight) of a chemical fuel: 

Carbon = 60 per cent; Hydrogen = 20 per cent; Oxygen -5 per cent; Sulphur = 5 per cent and 
Nitrogen -10 per cent. 

Find the stoichiometric amount of air required for complete combustion of this fuel. 
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Solution. On the basis of 100 kg us assume an equivalent formula of the form : 

From the given analysis by weight, wecan write 


12 a = 60 

or 

a = 5 

15 = 20 

or 

6 = 20 

16c = 5 

or 

c = 0.3125 

14d = 10 

or 

d = 0.7143 

32e = 5 

or 

e = 0.1562 


Then the formula of the fuel can be written as 

U43^C 


o , .. . C 5 H 20 O 0.3125 N 0.7143 S 0.1562 

lhe combustion equation is 


C 5 H 20°0.3125 N 0.7143 S 0.1562 + * O 0 + * | 


Then, 

Carbon balance: 5 =p • _ 5 

Hydrogen balance : 20 = 2 q ■. q = 10 

Sulphur balance: 0 . 1562 = r r = 0 1562 

Oxygen balance : 0.3125 + 2* = (2p + q + 2 r) 


r 2 * p C0 2 + 9 H 2 ° + r S0 2 + s N 2 


he.. 


„ _ Q 0.3125 io n qioc 

p 2 2 ~ 5 + Y + 0.1562-—y— = 9.99 


Nitrogen balance : 0.7143 + 2 * x — - o, 

91 “ 


79 0.7143 79 

2 = +9-99x^ = 37.94 


79 
21 

0.7143 

5 “ 2 

Hence the combustion equation is written as follows : 

C 5 H 2 „O 0 . 3125 N a 7143 S o 1562 + 9.990 2 + 9.99 (g) N 2 —4 5C0 2 + 10H 2 O + 0.156280, + 37.94N, 

9.99 x 32 + 9.99 x J^gj > 


•. Stoichiometric air required = - 


x 28 


100 -— 

(Note. This example can also be solved by tabular method as explained in example 9.8 ) 

Example 9.14 .A sample of fuel has the following percentage composition by weight • 
Carbon = 84 per cent Hydrogen = 10 per cent 

Oxygen = 3.5 per cent Nitrogen = 1.5 per cent 

Ash — 1 per cent 

(i) Determine the stoichiometric air fuel ratio by mass 
volume U) If2 ° ^ ^ ^ U SUPpUed ' fM the Pontage composition of dry flue gases by 

Solution. (/) Stoichiometric air fuel ratio • 

On the basis of 100 kg of fuel let us assume an equivalent formula of the form • 

WW, 


- =13.7 kg/kg of fuel. (Ans.) 
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Or 


From the given analysis by weight, we can write 



12a = 84 he., a = 7 


16 = 10 he 

b = 10 


16c = 3.5 he 

., c = 0.218 


14d = 1.5 he 

d = 0.107 

The formula of fuel is C ? H 10 O 0 218 N 0107 
The combustion equation is written as 


C 7 H l0 O 0 218 N 0 107 + x 0 2 + x[ 

21 J N 2 ♦ p C0 2 + Q H 2° + r N 2 

Then, 

Carbon balance : 

ii 

he., p = 7 

Hydrogen balance : 

10 = 2 q 

he., q~ 5 

Oxygen balance : 

0.218 + 2x = ( 2 p + q) 

0.218 + 2x = 2x7 + 5 he. * = 9.39 

Nitrogen balance : 

( 79' 

0.107 + & U 

)= 2 r 


79 

0.107 + 2 x 9.39 x— = 2r he., r = 35.4 


Hence the combustion equation becomes 


C 7 H 10 O 0 . 2 i 8 N 0.107 + 9.390 2 + 9.39 




Stoichiometric A/F ratio = 


79 

9.39 x 32 + 9.39 x — x 28 
_21 

100 


= 12.89. (Ans.) 


(ii) Percentage composition of dry flue gases by volume with 20 per cent 


If 20 per cent excess air is used, the combustion equation becomes 

C 7 H 10°0.218 N 0.107 + 0-2X9.39) 0 2 + (1.2X9.39) [g] N 2 

-> 7C0 2 + 5H 2 0 + (0.2X9.39) 0 2 + (1.2X35.4) N 2 

Total number of ftioles of dry products of combustion 

n = 7 + (0.2X9.39) + (1.2X35.4) 

= 7 + 1.878 + 42.48 = 51.358 

.. Percentage composition of dry flue gases by volume is as follows : 

x 100 = 13.63%. (Ans.) 

x 100 = 3.66%. (Ans.) 

x 100 = 82.71%. (Ans.) 


C ° 2 = 51XS58 
1.878 


O, 


51.358 

42.48 


N = 

2 51.358 


341 


excess 
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Example 9.15. Orsat analysis of the products of combustion of a hydrocarbon fuel of un¬ 
known composition is as follows : 

Carbon dioxide (CO^ = 8% 

Oxygen (0 2 ) = 6.3% 

Determine the following: 

(i) Air-fuel ratio 

(ii) Percent theoretical air required for combustion. 

Solution. From the given Orsat analysis the combustion equation is written as follows : 


Carbon monoxide (CO) = 0.5% 
Nitrogen (N 2 ) = 85.2% 


(S) cN *= ( 


Then, 

Carbon balance: 
Nitrogen balance: 

Oxygen balance: 


-• 8C0 2 + 0.5CO + 6.30 2 +,x H 2 0 + 85.2N 2 
a = 8 + 0.5 = 8.5 i.e ., a - 8.5 


79 

21 


C = 85.2 

C = 8 + ^ + 6.3 + | 
2 2 


i.e., c- 22.65 


22.65 = 8 + 0.25 + 6.3 + - 


: 16.2 


6 = 2x = 2x 16.2 = 32.4 i.e., 6 = 32.4 


Hydrogen balance: 

(i) Air-fuel ratio : 

The air supplied per 100 moles of dry products is 

(79 


Air-fuel ratio =7 


= 22.65 x 32 + 
3110.6 


793 

T^jJ x 22.65 x 


28 = 3110.6 kg 


- 8.5 x 12 + 32.4 x 1 = 23,1 kg of ot fuel - (Ans.) 

(ii) Per cent theoretical air required for combustion : 

12x85 


Mass fraction of carbon 
Mass fraction of hydrogen 


12x8.5 + 32.4x1 
32.4 x 1 


= 0.759 


= 0.241 


“ 12x8.5 + 32.4 

Considering 1 kg of fuel, the air required for complete combustion is 


100^1 

+ 

0.241 i 8 x — 

L UJ 23.3 


23.3. 


= 16.96 kg 


Percent theoretical air required for combustion = 


23.1 

16.96 


x 100 = 136.2%. (Ans.) 

Example 9.16. The following is the volumetric analysis of the dry exhaust from an internal 
combustion engine: 

C0 2 = 8.9% ; CO = 8.2% ; H 2 = 4.3%; CH 4 = 0.5% and N 2 = 78.1%. 

If the fuel used is octane (C 8 H 18 ) determine air-fuel ratio on mass basis : 

(i) By a carbon balance. (ii) By a hydrogen oxygen balance. 
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or 

or 


Solution, (i) As per analysis of dry products, the combustion equation is written as 


“(s) 0 * 


► 8.9C0 2 + 8.2CO + 4.3H 2 + 0.5CH 4 + 78.1N 2 +xH 2 0- 


Carbon balance : 8 a = 8.9 + 8.2 + 0.5 = 17.6 i.e. a - 2.2 


Air-fuel (A/F) ratio 


21 

78.1 x 28 + 78.1 x “ x 32 
_79 

2 . 2(8 x 12 + 1 x 18) 
2186.8 + 664.3 2851.1 


250.8 250.8 

(ii) In this case the combustion equation is written as 


= 11.37. (Ans.) 


'793 

21J N * 


)n 2 


Carbon balance : 
Hydrogen balance: 

Oxygen balance: 


8a = 8.9 + 8.2 + 0.5 = 17.6 i.e., a = 2.2 
18a = 4.3 x 2 + 0.5 x 4 + 2x 
18 x 2.2 = 8.6 + 2 + 2x i.e., x - 14.5 

26 = 8.9 x 2 + 8.2 + x 
26 = 17.8 + 8.2 + 14.5 i.e., b = 20.25 


Air-fuel (A/F) ratio = 


(20.25 x 32) + (20.25) 



x 28 


2 . 2(8 x 12 + 1 x 18) 


2781 

250.8 


= 11.09. 


(Ans.) 


^Example 9.17. The exhaust from an engine running on benzole was measured with the 
help of Orsat apparatus. Orsat analysis showed a C0 2 content of 12%, but no CO. Assuming that the 
remainder of the exhaust contains only oxygen and nitrogen, calculate the air-fuel ratio of the engine. 

The ultimate analysis of benzole is C = 88% and H 2 = 12%. 

Solution. 1 kg of fuel, consisting of 0.88 kg C and 0.12 kg H 2> can be written as 0 . 88/2 moles 
C and 0.12/2 moles H 2 . Therefore, considering 1 mole of dry exhaust gas ( D.E.G.) we can write the 
combustion equation as follows : 

( 0.88 n 0.12 „ 3 79 

*rir C + “ H2 J + Y 0 2 + 21 rN2 -> 0 . 12 CO 2 + a 0 2 + (0.88 - a) N 2 + 6 H 2 0 

Let the D.E.G. contain a moles of 0 2 . The moles of C0 2 in 1 mole of D.E.G. are 0.12. There¬ 
fore the D.E.G. contains (1 - a - 0.12) = (0.88 - a) moles of N 2 . 
where, X = Mass of fuel per mole D.E.G., 

Y = Moles of 0 2 per mole D.E.G., 
a = Moles of excess 0 2 per mole D.E.G., and 
6 = Moles of H 2 0 per mole D.E.G. 

Now, 

0.88 

Carbon balance : X= 0.12 X = 1.636 

Hydrogen balance : 0.06X =6 6 = 0.06 x 1.636 = 0.098 

Oxygen balance : 2Y = 2 x 0.12 + 2a + 6 or 2 Y =0.24 + 2a + 0.098 

y= 0.169 + a 
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79 

Nitrogen balance : ~ Y = (0.88 - a) /. y = 0.234 - 0.266a 

Equating the expressions for Y gives 

0.234 - 0.266a = 0.169 + a a - 0.0513 

Y = 0.169 + 0.0513 = 0.2203 
0 2 supplied = 0.2203 x 32 kg/mole D.E.G. 


0 2203 x 32 

i-e., Air supplied = — = 30.26 kg/mole D.E.G. 

Since X = 1.636, then, the fuel supplied per mole D.E.G. is 1.636 kg 
. .. 30.26 

••• A/F ratio = = 18.8/1. (Ans.) 

follow S EXamPle 9 ’ 18 ' The analysis ° fthe dry exhaust f rom an internal combustion engine is as 

Carbon dioxide (C0 2 ) = 15 per cent Carbon monoxide (CO) = 3 per cent 

Methane (CH t ) = 3 per cent Hydrogen (HJ = 1 per cent 

Oxygen (0 2 ) = 2 per cent Nitrogen (N^ = 76 per cent 

hydrocarbon ate *** pr ° portions by mass °f carbon t0 hydrogen in the fuel, assuming it to be a pure 


Solution. Let 1 kg of fuel contain x kg of carbon (C) and y kg hydrogen (H„) 
mg 1 mole of D.E.G. and introducing X and Y, we can write ’ 


Then consider- 




yo r 


79 

+ ^i y N 2 


0.15CO 2 + 0.03CO + 0.03CH 4 


Then, 

Nitrogen balance: 
Oxygen balance: 

Carbon balance: 
Hydrogen balance: 


+ 0.01H 2 + 0.020 2 + a H 2 0 + 0.76N 2 


79 

21 y=0 - 76 

y= 0.15 +^+0.02+1 
0.202 = 0.15 + 0.015 + 0.02 + — 


Xx 

12 

Xy 


= 0.15 + 0.03 + 0.03 


y = 0.202 


/. a = 0.034 


.-. Xx = 2.52 


= 2 x 0.03 + 0.01 + a = 0.06 + 0.01 + 0.034 


Xy = 0.208 

Dividing equations (i) and (u), we get 
Xx 2.52 


i.e., Ratio of C to H„ in fuel = ~ 

2 y l 


Xy 0.208 y 

(Ans.) 


or ~ = 12.1 


Ui) 


.Mi) 
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Internal Energy and Enthalpy of Combustion 

Example 9.19. A H 0 (enthalpy of combustion at reference temperature T 0 ) for benzene vapour 
(CgH#) at 25°C is - 3301000 kJ/ mole with the H 2 0 in the liquid phase. Calculate A H 0 for the H 2 0 in 
the vapour phase. 

Solution. If H 2 0 remains as a vapour the heat transferred to the surroundings will be less 
than when the vapour condenses by the amount due to the change in enthalpy of the vapour during 
condensation at the reference temperature. - 

A H 0 (vapour) = A H 0 (liquid) + m g h^ go 
where, m s - Mass of H s O formed, and 

hf g0 - Change in enthalpy of steam between saturated liquid and saturated vapour 
at the reference temperature T 0 
= 2441.8 kJ at 25°C 
For the reaction : 

C 6 H 6 + 7.50 2 - > 6C0 2 + 3H 2 0 

3 moles of H 2 0 are formed on combustion of 1 mole of C 6 H 6 ; 3 moles of H 2 0 
= 3 x 18 = 54 kg H 2 0 

AH 0 (vapour) = - 3301000 + 54 x 2441.8 = - 3169143 kJ/mole. (Ans.) 

Example 9.20. Calculate A U 0 in kJIkg for the combustion of benzene (CqH^ vapour at 25°C 
given that A H 0 - ~ 3169100 kj/mole and the H z O is in the vapour phase. 

Solution. Given : A H Q * - 3169100 kJ 
The combustion equation is written as 

C 6 H 6 + 7.50 2 -» 6C0 2 + 3H 2 0 (vapour) 

n R = 1 + 7.5 = 8.5, n p - 6 + 3 = 9 
Using the relation, A U Q = A H 0 - ( n p - n R )R Q T 0 

= - 3169100 - (9 - 8.5) x 8.314 x (25 + 273) 

= - 3169100 - 1239 = - 3170339 kj/mole 
(It may be noted that A U Q is negligibly different from AH 0 ) 

1 mole of CgH 6 = 6 x 12 + 1 x 6 = 78 kg 

— 3170339 

AU 0 =-—-= - 40645 kJ/kg. (Ans.) 

<o 

Example 9.21. A H 0 for CO at 60°C is given as - 285200 kJ/mole. Calculate A H 0 at 2500°C 
given that the enthalpies of gases concerned in kJImole are as follows : 


Gas 

60°C 

2500° C 

CO 

9705 

94080 

O 

9696 

99790 

co 2 

10760 

149100 


Solution. The reaction equation is given by 

CO + A 0 2 -> C0 2 

Refer Fig. 9.34. 

It can be seen from 'the property diagram of Fig. 9.34 that the enthalpy of combustion at 
temperature T, A H r can be obtained from A H 0 and T 0 by the relationship 
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- AH t = ~ AH Q + (H Rt - H Ro )~(H Pt -H Pq ) ...(i) 

where, = increase in enthalpy of the reactants 

from T 0 to T 

and Hp T _ H Pq ~ increase in enthalpy of the products from 
T 0 to T. 

Now, from the given data, we have 

Hr 0 = 1 x 9705 + \ x 9696 = 14553 kj 
\ = lx 94080 + |x 99790 = 143975 kJ 
Hp Q = 1 x 10760 = 10760 kJ 
^p r =lx 149100 kJ = 149100 kj 



Using equation (i), we get 

- AH t a + 285200 + (143975 - 14553) - (149100 - 10760) 
= 285200 + 129422 - 138340 = 276282 
AHj, = - 276282 kJ/mole. (Ans.) 


Heating Values of Fuels 

Example 9.22. The lower heating value of propane at constant pressure and 25°C is 2044009 kJ 
per kg mole. Find the higher heating value at constant pressure and at constant volume . 

Solution, (i) Higher heating value at constant pressure, (HHV) P : 

The combustion reaction for propane is written as 
C 3 H 8 + 50 2 = 3C0 2 + 4^0 
Now (HHV) p = (LHV) p + mh fg 

where , HHV = Higher heating value at constant pressure 
LHV = Lower heating value 

m = Mass of water formed by combustion 
= 4 x 18 = 72 kg per kg mole 

hf g = Latent heat of vapourisation at given temperature per unit mass of water 
= 2442 kJ/kg at 25°C 

(HHV) p = 2044009 + 72 x 2442 = 2219833 kJ/kg. (Ans.) 

(ii) Higher heating value at constant volume, (HHV) v : 

Now (AU) = AH - AnR 0 T 

or - (HHV) y = - (HHV) p - AnR 0 T 

or (HHV)^ = (HHV) p + AnR 0 T 

where, R 0 - Universal gas constant = 8.3143 kJ/kg mol K 
An — np 

[ n p - Number of moles of gaseous products 1 
n R = Number of moles of gaseous reactants! 

Now, the reaction for higher heating value is 

C 3 H 8 + 50 2 = 3CO a + 41^0 (liquid) 

Arc = 3 - (1 + 5) = — 3 

(HHV) v = 2219833 - 3(8.3143X25 + 273) = 2212400 kJ/kg. (Ans.) 
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Example 9.23. Calculate the lower heating value of gaseous octane at constant volume if 
(AU) 25 . c = - 5494977 kJ for the reaction : 

[CgH 18 (gas) + 12.50 2 (gas)] = [8C0 2 (gas) + 9Hfl (liquid)]. 

Solution. The given value of AU corresponds to the higher heating value at constant volume 
because the water in the products is in liquid phase . 

HHV = 5494977 kJ/kg 
(LHV)„ = (HHV) U - m(u g - u f ) 

m = 9 x 18 = 162 kg/kg mole CgH 18 
(u - u f ) = 2305 kJ/kg at 25°C 

(LHV) v = 5494977 - 162(2305) = 5121567 kJ/kg. (Ans.) 

Example 9.24. Calculate the lower and higher heating values at constant pressure per kg of 
mixture at 25°C, for the stoichiometric mixtures of: 

(i) Air and benzene vapour (CqHq) and 
(ii) Air and octane vapour (CgH 18 ). 

Given that the enthalpies of combustion at 25°C are : 

C € H 6 - - 3169500 kJ/mole 
C 8 H is * ~ 5116200 kJ/mole 

Both the above figures are for the case where th^water in the products is in the vapour phase. 

Solution, (i) Air and benzene vapour : 

For benzene, the combustion equation is as follows : 

C 6 H 6 (g) + 7.50 2 (g) + 7.5 N 2 (g) = 6C0 2 (g) + 3H 2 0(g) + 7.5 [^] N 2 (g) 

Since the water in the products is in vapour phase , therefore, the given value of enthalpy of 
combustion corresponds to the lower heating value at constant pressure. 


(LHV), 

(LHV) per kg of mixture = 


: 3169500 kJ/mole 

3169500 


(12 x 6 + 6 x 1) + (7.5 x 32) + 7.5 




3169500 


“ 78 + 240 + 790 
Now, (HHV) p = (LHV) p + mhf g 

where, (HHV) p = Higher heating value at constant pressure, 


= 2861 kJ/kg. (Ans.) 


(LHV) p = Lower heating value at constant pressure, 
m = Mass of water formed by combustion, 

= 3 x 18 = 54 kg/kg mole of fuel, and 

h fg = Latent heat of vapourisation at given temperature per unit mass of water 
8 = 2442 kJ/kg at 25°C. 

(HHV) p = 3169500 + 54 x 2442 = 3301368 kJ/mole 

3301368 _ ' 

Thus, (HHV) p per kg of mixture = 78 + 2 40"+790 = 2980 kJ/kg * (AnS,) 

(ii) Air and octane vapour : 

(LHV) = 5116200 kJ/mole of C g H 18 
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For octane, the combustion equation is written as follows : 

C 8 H 18 k) + 12.50^)^800^) + gH.Ofe) + 12 . 5 gj Njfe) 

(LHV) p per kg of mixture =---- 6116200 

‘ ' .79 


(12 x 8 + 18 x 1 ) + 12,5 x 32 + 12.5 x — x 28 
5116200 21 

114 + 400+ 1317 = 2794 kJ/k g. (Ans.) 


(HHV) ? = (LHV) p + m h fg 


m = 9 x 18 = 162 kJ/kg mole of fuel 
(HHV) p = 5116200 + 162 x 2442 = 5511804 

Hence, (HHV) p per kg of mixture = . 

114 + 400 +1317 *" 3010 W/kg. (Ans.) 

Solution. Combustion of 1 kg of fuel produces the following products • 

44 

c °2 = ^2 x 0 88 = 3.23 kg 


At 25°C : 
(i) (LHV) 


„ 18 
H 2 ° = "g"* 012 = 108 kg 

(u g ~ u f) i e- u fg = 2304 kJ/kg 
h fg = 2442 kJ/kg 


(LHV) u = (HHV)„ - m( Uf - Uf ) 

Hence (L mn = ff™ Z IT * ^ = 43182 kJAg 

(CHV) = 43182 kJ/kg. (Ans\) 

«0 ®HV) p (LHV) p : 

The combustion equation is written as follows : 


i.e.. 


or 
i.e ., 


i.e., 

or 


1 mole fuel + -2- o 
32 2 

x 
32 


k 3.23 __ 1.08 

44 2 + 18 K 2 ° 


3.23 1.08 


Also. 


44 18 x 2 

x - 3.31 kg 

1 kg fuel + 3.31 kg 0 2 = 3.23C0 2 + 1.08H 2 O 


where, An = n 


AH = AU + AnR Q T 

-(HHV) p =-(HHV)„ + A nR 0 T 

(HHV) p = (HHV) p - CmR 0 T 

= (~~~ ~) h = NUmber ° f m ° IeS ° f gaseous Products ] 
t 44 32 J |n fi = Number of moles of gaseous reactants 
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Since in case of higher heating value, H 2 0 will appear in liquid phase 


(HHV) p = 45670 - 


3.23 3.31^ 

44 32 J 


x 8.3143 x (25 + 273) 


= 45744 kJ/kg. (Ans.) 

(LHV) p = (HHV) p - 1.08 x 2442 = 45774 - 1.08 x 2442 

= 43107 kJ/kg. (Ans.) 

Example 9.26. The reaction equation of a fuel is represented by 

C n H m + a0 2 + bN 2 = 8C0 2 + 0.9CO + 8.80 2 + dH z O + 82.3 N 2 

Determine : 

(i) The actual air-fuel ratio and the chemical formula of the fuel; 

(it) The stoichiometric air-fuel ratio and the percent theoretical air used. 

You may assume N 2 /O z ratio in air as 3.76 : (Bombay University) 

Solution. C n H m + a0 2 + 6 N 2 = 8C0 2 + 0.9 CO + 8.80 2 + dH 2 0 + 82.3N 2 
Equating coefficients, we have 


C: 

n — 8 + 0.9 as 8.9 

H: 

m - 2d 


„ 0.9 nn d 

0 2 : 

a = 8 + — + 8.8 + — 


2 2 

N 2 : 

b = 82.3 


Assume N 2 /0 2 ratio in air = 3.76 


...(») 

,..(ii) 

...( Hi ) 
...(to) 


It means — = 3.76 

a 

or b = 3.76 a ..Xv) 

On solving eqns. (i), (it), (iii), (iu) and ( v ), we get 

a - 21.89, 6 = 82.3, d = 9.28 
m - 18.56, n = 8.9 

(i) Chemical formula of fuel is : C g9 H 18 56 (Ans.) 

m a 21.89x32 + 82.3x28 

Actual air-fuel ratio =-= —rz — ; ■■■■■ —“ = 23.97. (Ans.) 

m f 8.9x12 + 18.56x1 

(ii) Stoichiometric air-fuel ratio : 

Stoichiometric air-fuel ratio can be found by finding the theoretical air required for complete 
combustion of 1 kg of fuel. Hence, 

C 89 H 18 56 + 13.54 0 2 = 8.9 CO, + 9.28 H 2 0 
Mass of oxygen required for combustion of 1 kg fuel 


13.54 x 32 

= 8.9 x 12 + 18.56 x 1 = 3456 
Mass of air required for complete combustion of 1 kg fuel 


3.456 

0.23 


= 15.03 kg 
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Stoichiometric air-fuel ratio = 15.03 kg 


Percentage theoretical air used = 


23.97 

15.03 


x 100 - 159.48%. 


(Ans.) 


HIGHLIGHTS 


Chemical Thermodynamics 

1. A chemical reaction may be defined as the rearrangement of atoms due to redistribution of electrons, 
* Reactants' comprise of initial constituents which start the reaction while * products' comprise of final 
constituents Which are formed by the chemical reaction. 

2. A chemical fuel is a substance which releases heat energy on combustion. 

3. The total number of atoms of each element concerned in the combustion remains constant, but the atoms 
are rearranged into groups having different chemical properties, 

4. The amount of excess air supplied varies with the type of the fuel and the firing conditions. It may 
approach a value of 100 per cent but modem practice is to use 25% to 50% excess air. 

5. Stoichiometric (or chemically correct) mixture of air and fuel is one that contains just sufficient oxygen 
for complete combustion of die fuel. 


6. Mixture strength = 


Stoichiometric A/F ratio 
Actual A/F ratio 


7. When analysis of combustion products is known air fuel ratio can be calculated by the following methods : 

(a) Fuel composition known 

(i) Carbon balance method (ii) Hydrogen balance method 

(iii) Carbon hydrogen balance method 

( b ) Fuel composition unknown 

(i) Carbon hydrogen balance method. 

8. The most common means of analysis of the combustion products is Orsat apparatus. 

9. The enthalpy of formation (A H f ) is the increase in enthalpy when a compound is formed from its constitu¬ 
ent elements in their natural form and in a standard state. The standard state is 25°C and 1 atm. pres¬ 
sure (but it must be borne in mind that not all substances can exist in natural form, e.g. H a O cannot be a 
vapour at 1 atm. and 25*C), 

10. (HHV) p = (LHV) p + m h ft 
(HHV)„ = (LHV) # f m(u g - uj) 

where, HHV = higher heating value 
LHV - lower heating value 

m = mass of water formed by combustion 
h fg = enthalpy of vapourisation of water, kj/kg 
u g — specific internal energy of vapour, kJ/kg 
u f - specific internal energy of liquid, kj/kg. 

11. In a given combustion process, that takes place adiabatically and with no work or changes in kinetic or 
potential^energy involved, the temperature of the products is referred to as the * adiabatic flame tempera¬ 
ture*. 

12. For a given fuel and given pressure and temperature of the reactants, the maximum adiabatic flame 
temperature that can be achieved is with a ‘stoichiometric’ mixture. 


Conventional Fuels 

13. The constituents petroleum are classified into the following four groups : 
(i) Paraffins (ii) Olefins 

(Hi) Naphthenes (iv) Aromatics. 
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14. The process of separating petroleum into useful fractions and removal of undesirable impurities is called 
refining. 

15. Volatility is commonly defined as the evaporating tendency of a liquid fuel. The volatility of gasoline is 
generally characterised by the following two laboratory tests : 

(i) ASTM distillation test («) Reid vapour test. 

16. Vapour lock is a situation where too lean a mixture is supplied to the engine. The vapour lock tendency 
of the gasoline is related to front end volatility. 

17. When self-ignition does occur in S.I. engine higher than desirable, pressure pulses are generated. The 
higher above self-ignition temperature which the fuel is heated, the shorter will be ignition delay. 

18 The highest useful compression ratio (HUCR) is the highest compression ratio at which a fuel can be used 
without detonation in a specified test-engine under specified operating conditions and the ignition and 
mixture strength being adjusted to give best efficiency. 

19. The property of a fuel which describes how fuel will or will not self-igmte is called the Octane number or 
just Octane. Engines with low compression ratios can use fuels with lower octane number, but high- 
compression engines must use high-octane fuel to avoid self-ignition and knock. 

20. The difference in octane number between reseach method and motor method octane numbers is known 
as the fuel sensitivity. 

RON + MON 

21. Antiknock index =-- * 

22. High octane fuels (upto 100) can be produced by refining techniques , but it is done more cheaply, and 
more frequently, by the use of antiknock additives such as tetraethyl lead. 

23. Cetane number of diesel fuel is a measure of its ignition quality. 

In general, lower the cetane number higher are the hydrocarbon emissions and noise levels. In general, 
a high octane value implies a low cetane value. 

API gravity (deg) 

24. Diesel index (D.I.) = Aniline point (°F) x- — 

Alternative Fuels 

25. Some alternative fuels which can replace conventional fuels in I.C. engine are : 

(i) Alcohol (methyl and ethyl) (ii) Hydrogen 

(iii) Natural gas (*») LPG and LNG 

(y) Biogas. 

26. The power output of ethanol engine is higher compared to gasoline engine at all speeds. 

27. The CNG fuel used engines have higher thermal efficiencies than those fuelled by gasoline. 

28. Biogas possesses excellent antiknock properties with an equivalent octane number in excess of 120 com¬ 
pared with 87 for regular petrol. 


OBJECTIVE TYPE QUESTIONS 


A. Choose the Correct Answer: 

1. The smallest particle which can take part in a chfemical change is called 


(a) atom (*>) molecule 

(c) electron W) compound. 

2. A chemical fuel is a substance which releases.on combustion. 

(a) chemical energy (M heat energy 

(c) sound energy W) magnetic energy. 

3, The most important solid fuel is 

(a) wood (5) charcoal 

( c ) coa i (d) all of the above. 
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4 ‘ m0k ° t0Xyem ' number 0f m0les ° mtr0 ^ n »*** ** “mplete combustion of carbon are 

wzv/zi (6)2/21 

‘ c) 77/21 to) 79/21. 

5. Modem practice is to use.. excess air. 

(a) 5 to 10 per cent ( 6 ) 15 to 20 per cent 

(0 20 to 25 per cent W) 25 to 50 per cent, 

b. btoichiometnc air-foel ratio by mass for combustion of petrol is 
(o)5 (5)10 

^ >12 W) 15.05. 

7. An analysis which includes the steam in the exhaust is called 

(a) dry analysis ( 6 ) wet analysis 

W dry and wet analysis (d) none of the above, 

o. 1 he Orsat apparatus gives 

(а) volumetric analysis of the diy products of combustion 

(б) gravimetric analysis of the dry products of combustion 

(c) gravimetric analysis of products of combustion including H ,0 

(d) volumetric analysis of products of combustion including I^O. 

9. In the Orsat apparatus KOH solution is used to absorb 

-1_• J 


10 . 


11 . 


12 . 


13. 


a) carbon monoxide ( W carbon dioxide 

< c)0xygen (d) none of the above. 

Enthalpy of formation is defined as enthalpy of compounds at 

(a) 25-C and 10 atmospheres (6) 25*C and 1 atmosphere 

(c) 0 C and 1 atmosphere (d) 100°C and 1 atmosphere. 

Bomb calorimeter is used to find the calorific value of fuels 

, ( “ )50lid (ft) gaseous 

c) sohd and gaseous (d) none of the above 

When the fuel is burned and the water appears in the vapour phase, the heatingvalue of fuel is called 
to) enthalpy of format.cn (h) lower hcating va]ue 

to) higher heating value . (d) none of the above. 

Heat released in a reaction at constant pressure is called 
to) entropy change (6) enthalpy of reaction 


id) none of the above 


14. 


15. 


(c) internal energy of reaction 
(e) all of the above. 

When the fuel is burned and water is released in the liquid phase, the heating value of fuel is called 
to higher heating value (6) lower heating value 

(c) enthalpy of formation (d) none of the above 

Choose the correct statement: 

to) Number of atoms of each constituent are not conserved in a chemical reaction 

“ * W# ° f not be — * all the 

(c) The number of atoms of each constituent are conserved in a chemical reaction. 

product ° fm ° leS ° fihe ^ a ChemiCal eqUati ° n " ec ^ al t0 the number ^ moles of the 


ANSWERS 


1 . (a) 
8. (a) 

15. (c). 


2 . ( 6 ) 

9. (6) 


3. (c) 

10 . ( 6 ) 


4. 0 d) 
11. (a) 


5.(d) 

12 . ( 6 ) 


6 .(d) 
13. (6) 


7. (6) 
14. (a) 
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1 . 

2 . 

3. 

4. 

5. 

6 . 


7. 

8 . 


9. 

10 . 

11 . 

12 . 

13. 


14. 

15. 

16. 
17. 


18. 

19. 

20 . 
21 . 


22 . 


23. 


B. Fill in the Blanks or Say “Yes" or “No”: 

The liquid fuels find.use in I.C. engines. 

.S® 8 « manufactured by heating soft coal in closed vessel. 

Water gas is formed by using steam. 

.gas is a by-product of steel plants. 

Benzol is obtained as a by-product of high temperature coal carbonization. 

Olefins are compounds with one or more double bonded carbon atoms in straight chafti. 

Diolefins are more.than mono-olefins. 

Napthenesare.structured compounds. 

Napthenes are unsaturated compounds. 

Paraffins are most suitable fuels for.engines. 

Aromatics are most suitable fuels for.engines. 

The process of separating petroleum into useful fractions and removal of undesirable impurities is called 


..is evaporating tendency of a liquid fuel. 

.of petrol is also defined in terms of Reid vapour pressure. 

.* s a situation where too lean a mixture is supplied to the engine. 

The vapour lock tendency of gasoline is related to.end volatility. 

When self-ignition does occur in S.I. engine higher than desirable,.pulses are generated. 

The higher above S.I.T. which the fuel is heated, the longer will be ignition delay. 

Ignition delay is generally a very small fraction of a second. 

The property of fuel which describes how fuel will or will not self-ignite is called the.number. 

The higher the octane number of fuel, the less likely it will self-ignite. 

The difference m octane number between research method and the motor method octane numbers is 
known as the. 

Fuel sensitivity is a good measure of how sensitive knock characteristics of a fuel will be to engine 
geometry. 


24. 

25. 

26. 

27. 

28. 
29. 


30. 


1 . 


11 . 

16. 

21 . 

26. 


* . • i , . . RON-MON 

Anti-knock index = —- 

2 

The cetane number of a diesel fuel is a measure of its ignition quality. 

Higher the cetane rating of the fuel lesser is the propensity for diesel knock. 

In general, a high octane value implies a high cetane value. 

Methanol is very corrosive on metals. 

Ethanol has less HC emissions than gasoline but more than methanol. 

The CNG used engines have lower thermal efficiencies than those fuelled by gasoline. 

ANSWERS 


abundant 

Yes 

S.I. 

front 

Yes 

Yes 


2. coal 

3. Yes 

7. unstable 

8. ring 

12. refining 

13. Volatility 

17. pressure 

18. No. 

22. fuel sensitivity 

23. Yes 

27. No 

28. Yes 


4. Blastfurnace 

5. Yes 

9. No. 

10. C.I. 

14. Volatility 

15. Vapour lock 

19. Yes 

20. octane 

24. No 

25. Yes 

29. Yes 

30. No. 
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THEORETICAL QUESTIONS 

Chemical Thermodynamics 

1. What is chemical thermodynamics ? 

2. What is a chemical fuel ? 

3. What are primary fuels ? List some important primary fuels. 

4. What are secondary fuels ? List some important secondary fuels. 

5. Write a short note on ‘excess air*. 

6. What do you mean by stoichiometric air fuel (A/F) ratio ? 

7. Enumerate the methods by which air fuel ratio can be calculated when analysis of combustion products 
is known. 

8. How is analysis of exhaust and flue gas carried out ? 

9. Derive relations for internal energy and enthalpy of reaction. 

10. What is enthalpy of formation (A H f ) - ? 

11. Define heating value of fuel. 

12. What is the difference between higher heating value (HHV) and lower heating value (LHV) of the fuel ? 

13. Describe with the help of neat sketches the following calorimeters used for the determination of heating 
values : 

(0 Bomb calorimeter (ii) Junkers gas calorimeter. 

14. What is ‘adiabatic flame temperature’ ? 

15. Write a short note on chemical equilibrium. 

Conventional Fuels 

16. What are the desirable properties of good I.C. engines fuels ? 

17. Enumerate and describe briefly the gaseous fuels. 

18. How are constituents of petroleum classified ? 

19. Explain briefly the chemical structure of petroleum. 

20. What are five primary hydrocarbon families found in petroleum ? Which are chain types ? Which are ring 
types ? Which of primary families tends to be better S.I. engine fuel and C.I. engine fuel ? 

21. What are different kinds of fuels used in an I.C. engine ? 

22. What are the important properties which S.I. engine fuel possess ? 

23. What are requirements of an ideal gasoline fuel ? 

24. What is volatility ? 

25. Discuss the significance of distillation curve. 

26. Why volatility is an important quality of S.I. engine fuels ? 

27. Explain briefly the following in regard to a fuel: 

(0 Vapour lock characteristics. 

(ii) Crankcase dilution. 

28. “While volatility of the fuel is a determining factor in the selection of fuels for S.I. engines, ignition 
quality of the fuel is the primary deciding factor for C.I. engines”. Discuss briefly the statements. 

29. Distinguish clearly between ‘Octane Numbers’ and ‘Cetane Number*. What is their significance in rating 
of fuels for S.I. and C.I. engines ? 

30. What are the reference fuels for ‘Octane Number’ ? 

31. What are the reference fuels for ‘Cetane Number’ ? 

32. What is performance number (PN) ? 

33. What is the significance of ASTM distillation curve ? 

34. Explain the effect of fuel viscosity on diesel engine performance. 

35. What qualities are desired in fuels to inhibit detonation ? 
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36. Give the advantages of using alternate fuels. 

37. Discuss different properties of ethanol and methanol and compare them with gasoline. 

38. Why blends of either ethanol or methanol are preferred over pure alcohol fuels ? 

39. Give the advantages of alcohol as a fuel. 

40. List the advantages of methanol as a fuel. 

41. What modifications in engine are required when blends are used ? 

42. State the advantages and disadvantages of hydrogen as I.C. engine fuel. 

43. What is natural gas ? 

44. What are the properties of CNG ? 

45. What are the advantages and disadvantages of CNG ? 

46. Explain briefly LPG and LNG. 

47. What is Biogas ? 

48. What are the properties of biogas ? 


UNSOLVED EXAMPLES 

1. Determine the gravimetric analysis of the products of complete combustion of acetylene (C 2 H ) with 125 

per cent stoichiometric air. » [Ans. C0 2 = 19.5%, H 2 0 = 3.9%, 0, = 4.4%, N 2 = 72.2%] 

2 . One kg of ethane (C 2 H 6 ) is burned with 80% of theoretical air. Assuming complete combustion of the 
hydrogen in the fuel determine the volumetric analysis of the dry products of combustion. 

[Ans. C0 2 = 4.8%, CO = 11.2%, N 2 = 84%] 

3. The gravimetric analysis of a sample of coal is given as 80% C, 12% H, and 8% ash. Calculate the 
stoichiometric A/F ratio and th^ analysis of the products by volume. 

[Ans. CO, = 13.6%, H, = 12.2%, N 2 = 74.2%] 

4. Calculate the stoichiometric air fuel ratio for the combustion of a sample of dry anthracite of the follow¬ 
ing composition by mass: 

C = 90 per cent; H, = 3 per cent; N, = 1 per cent; Sulphur = 0.5 per cent; ash = 3 per cent 
If 20 per cent excess air is supplied determine : 

(i) Air fuel ratio 

(ii) Wet analysis of the products of combustion by volume. 

[Ans. 11.25/1 (i) 13.5/1; (ii) C0 2 = 16.3%, 11,0 = 0.03%, SO, = 3.51%, N 3 = 80.3%] 

5. The following is the analysis of a supply of coal gas : 

H 2 = 49.4 per cent; CO = 18 per cent; CH 4 = 20 per cent; C 4 H g = 2 per cent; O, = 0.4 per cent; N =6.2 
per cent; C0 2 = 4 per cent. 2 

(i) Calculate the stoichiometric A/F ratio. 

(ii) Find also the wet and dry analysis of the products of combustion if the actual mixture is 20 per cent 

weak. [Ans. (i) 4.06/1 by volume ; (ii) Wet analysis : C0 2 = 9.0%, H 2 0 = 17.5%, 0 3 = 3.08%, 

N, =s 70.4%. Dry analysis : CO, - 10.9%, O, = 3.72%, N, = 85.4%] 

6 . Find the stoichiometric air fuel ratio for the combustion of ethyl alcohol (C,H 6 0), in a petrol engine. 
Calculate the air fuel ratios for the extreme mixture strengths of 90% and 120%. Determine also the wet 
and dry analysis by volume of the exhaust gas for each mixture strength. 

[Ans. 8.96/1; 9.95/1; 7.47/1, Wet analysis : C0 2 = 11.2%, H,0 = 16.8%, O, = 1.85%, N, = 70.2% 
Dry analysis : C0 2 = 13.45%, O, = 2.22%, N, = 84.4% 

Wet analysis : CO, = 6.94%, CO = 6.94%, H, = 20.8%, N, = 65.3% 
Dry analysis : CO, = 8.7%, CO = 8.7%, N 2 = 82.5%] 

7. For the stoichiometric mixture of Example 7.10 calculate : 

(i) The volume of the mixture per kg of fuel at a temperature of 65 °C and a pressure of 1.013 bar. 

(ii) The volume of the products of combustion per kg of fuel after cooling to a temperature of 120°C at a 

pressure of 1 bar. [Ans. (i) 9.226 m 3 ; (ii) 11.58 m 3 ] 
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8. The chemical analysis of a fuel by weight is as follows : 

Carbon = 50 per cent; Hydrogen = 25 per cent; Oxygen = 10 per cent; Sulphur = 5 per cent and Nitrogen 
= 10 per cent. 

Find the stoichiometric amount of air required for complete combustion of this fueL [Ans. 14.26 leg] 

9. The percentage composition of a fuel by weight is as follows : 

Carbon = 89.3 per cent; Hydrogen = 5 per cent; Oxygen = 4'.2 per cent; Nitrogen = 1.5 per cent and the 
remainder ash. Determine the stoichiometric air fuel ratio by mass. 

If 30 per cent excess air is supplied, find the percentage composition of dry flue gases by volume. 

[Ans. 11.74 ; C0 2 = 14.3%, 0 2 = 4.9%, N a = 80.8%) 

10. Orsat analysis of the products of combustion of hydrocarbon fuel of unknown composition is as follows : 
Carbon dioxide (CO s ) = 9% Carbon monoxide (CO) = 0.6% 

Oxygen (0 2 ) = 7.3% Nitrogen (N 2 ) 83.1% 

Determine the following: 

(i) Air-fuel ratio (ii) Per cent theoretical air required for combustion. 

[Ans. (0 22.1, (ii) 146.2%] 

11. An Orsat analysis of the exhaust from an engine running on benzole showed a C0 2 content of 15 per cent, 
but no CO. Assuming that the remainder of the exhaust contains only oxygen and nitrogen, calculate the 
air-fuel ratio of the engine. 

The ultimate analysis of benzole is C = 90 per cent and = 10%. 

[Ans. 15.2/1] 

12. The analysis of the dry exhaust from and internal-combustion engine gave: 

C0 2 = 12 per cent ; CO = 2 per cent ; CH, = 4 per cent; H t = 1 per cent ; O a = 4.5 per cent and the 
remainder nitrogen. 

Calculate the proportions by mass of carbon to hydrogen in the fuel, assuming it to be a pure hydrocarbon. 

[Ans, 7.35/1) 

13. The following is the percentage analysis by mass of a fuel: 

Hydrogen (H^) = 10 per cent Oxygen (0 2 ) = 2 per cent 

Sulphur (S) = 1 per cent Nitrogen (N 2 ) = 3 per cent 

Determine the following : « 

( i ) The amount of air required to completely bum 1 kg of this fuel 

(ii) The products of combustion as a percentage by mass. 

[Ans. 13.17 kg; C0 2 =21.7% ; H 2 0 = 6.35% ; S0 2 = 0.141% ; N 2 = 71.75%] 

14. An Orsat analysis of the products of combustion resulting from the burning in air of a hydrocarbon fuel 
yielded the following ; 

Carbon dioxide (C0 2 ) = 12.2% Oxygen (0 2 ) = 1.1% 

Carbon monoxide (CO) = 0.5% Nitrogen (N 2 ) = 86.2% 

Determine : (i) The mass fraction of carbon in the fuel. 

(ii) Air-fuel ratio. 

(«£) Percent of air theoretically needed for complete combustion. 

[Ans. (£) 80.4%, (ii) 16.57/1, (iii) 103.9%) 

15. If the higher heating value at constant pressure (C S H $ ) at 25°C is 3298354 kJ/kg mole, determine its 

lower calorific value at constant pressure. [Ans. 316647 kJ/mole] 

16. The lower heating value of propane at constant pressure and 25°C is 2042055 kJ/kg mole. Find the higher 
heating value at constant pressure and at constant volume. 

[Ans. 2217816 kJ/kg mole, 2210333 kJ/kg mole] 

17. The higher heating value of kerosene at constant volume whose ultimate analysis is 86% carbon and 14% 
hydrogen, was found to be 46890 k J/kg. Calculate the other three heating values. 

[Ans. (LHV)„ = 43987 kJ/kg ; (HHV) p = 46977 kJ/kg; (LHV) p = 43900 kJ/kg] 
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Fuel/'Air Mixture Requirements 

10.1. Introduction. 10.2. Fuel/Air mixture requirements for steady running. 10.3. Optimum 
fuel/air ratios. 10.4. Idling and low load. 10.5. Normal power range or cruise range. 10.6. Maxi¬ 
mum power range. 10.7. Transient mixture requirements—Starting and warming up mixture 
requirements Mixture requirements for acceleration. 10.8. Effects of operating variables on 
mixture requirements. 10.9. Mixture requirements for diesel engines—Highlights—Objective Type 
Questions—-Theoretical Questions. 


10.1. INTRODUCTION 

• In general, we have already discussed in previous chapters about the profound influ¬ 
ence of F/A ratio on S.I. engine power output and thermal efficiency. The discussion of 
adequate F/A ratio for each particular set of operating conditions is studied under the 
following two heads, namely 

GO Steady running; 

(ii) Transient operation. 

• Steady running is defined as mean continuous operation at a required speed and power 
output with normal temperatures. 

• Transient operation includes starting, warming up, and changing from one speed or 
load to another, specially for automotive vehicle engines during acceleration and 
decelerations, and also idling. 

10.2. FUEL/AIR MIXTURE REQUIREMENTS FOR STEADY RUNNING 

The specific torque or b.m.e.p. (brake mean effective pressure) is required to be devel¬ 
oped at specific speed. Further it is desired that fuel consumption should be lowest, 
ensuring reliable and smooth operation. These requirements can be met with by using 
optimum F/A ratio. 

• Fig. 10.1 shows the graphs of i.m.e.p. (indicated mean effective pressure) and s.fc. (spe¬ 
cific fuel consumption at fixed engine speed at full throttle open. 

The left portion of the curve exhibits the limit of lean mixture which causes explo¬ 
sions in the intake system, usually known as back-firing. 

Depending upon the type of engine, type of fuel and operating conditions, the limits 
on lean and rich side and also F/A ratios may vary. 

The curve shown in Fig. 10.1 is a representative one since its shape is same for all 
S.I. engines. It may be noted that, for getting these curves optimum spark advance 
is used for each F/A ratio. If the spark advance is kept fixed for the best F/A ratio, 
this curve of lean and rich ends will get modified. 
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Fig. 10.1 
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Fig. 10.2 
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• It has been observed from experiments that the F/A ratio which gives the highest i.m.e.p. 
(Refer Fig. 10.2) is more or less the same as the F/A ratio which gives the highest b.m.e.p. 
(Refer Fig. 10.3). This indicates that f.m.e.p. (frictional mean effective pressure) is not 
affected by F/A ratio. Hence for best power under all operation conditions the F/A ratio 
is same subject to the condition that distribution of fuel to various cylinders remains 
unchanged. In carburetted engines this requirement cannot be met with easily. At lean 
mixtures, the effect of lower flame speeds is small when, at each F/A ratio, spark timing 
is adjusted for highest m.e.p. (mean effective pressure). 



i_i_i_i - 1 - 1 - 1 - 1 - 1 

0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 

Fuei/Air ratio -► 

Fig. 10.3 

• Fig. 10.4 shows graphs between specific fuel consumption versus F/A ratio at different 
throttle openings. 

— The minimum specific fuel consumption occurs at a point where, as the F/A ratio is 
reduced, the rate of increase in efficiency due to thermodynamic factor, is offset by 
rate of decrease in efficiency due to increasing time losses. 

— With optimum spark timing, the time losses become very large only when crank 
angle occupied by flame travel exceeds a certain value. As the mixture is made 
leaner, this value will be reached at high F/A ratio when the flame speed has already 
been slowed by throttling. Thus any factor that tends to increase the crank angle 
occupied by the combustion (i.e., reduce the flame speeds), will tend to increase the 
F/A ratio for best economy . 
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1 —*—•-*—.—._ 

0.04 0.05 0.06 0.07 0.08 0.09 o , 0.11 

Fuel/Air ratio--► 


Fig. 10.4 


10.3. OPTIMUM FUEL/AIR RATIOS 

• - - *• 

economy F/A ratio is independent of speed. H concIuslon that the best 



B.m.e.p., bar -- ^ 

Fig. 10.5 
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• Fig. 10.6 shows a plot between load (ratio of actual b.m.e.p. to maximum b.m.e.p.) and 
F/A ratio. 



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 . 9 . 1.0 


Load (brake basis) -► 

Fig. 10.6 

— Starting with idling range, the curves show the F/A ratios in the idling range, best 
power, best economy etc. These curves are practically independent of engine speed . 

10.4. IDLING AND LOW LOAD 

• The no load running mode of engine is called idling. The air supply, during idling, is 
restricted by the nearly closed throttle and the suction pressure is very low. This condi¬ 
tion of low pressure gives rise to backflow of exhaust gases and air leakage from various 
parts of the engine intake system. 

• During idling and low load operation backflow during the valve overlap period occurs 
since the exhaust pressure is higher than the intake pressure, this increases the amount 
of residual gases. These gases expand during the suction stroke, thereby reducing the 
fresh mixture inhaled. The increased dilution causes the combustion to be erratic or 
even impossible which leads to poor thermal efficiency and higher exhaust emissions. 

— At idling and low loads the problem of dilution by residual gases becomes more 

pronounced because the exhaust temperature reduces with decreasing load, i.e. the 
density and hence mass of residual gases increases. Further, dilution of the charge 
occurs due to air leakage past valves, etc., at low intake manifold pressures ob¬ 
tained at low loads and idling. 
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* laT°vnnth tl0 f °wl ine ^ l ° W l ° adS (UP t0 about 20% offul1 load) should be rich 

ior smooth operation (F/A ratio 0.08 or A/F ratio = 12.5 : 1). 

" 2rtii h s e a!y i °/ miXtUre inCreaSeS the probabUit y between fuel and air 

particles and thus improves combustion. 

# in h COandHC n fo! PeedS de . man< ! iDcreasin g ] y ™her mixtures with consequent increase 

^F ratio ThlT/ ?r regi ° n ’ C ° increases about 2 8% -it decrease in 

manded , „ “ ^burettor jet sizes and on idling controls are de- 

manded to avoid pollution of air. 

10.5. NORMAL POWER RANGE OR CRUISE RANGE 

• When the engine is running at part loads (from 20% to 75% of rated load) the objective is 

sL7rTfueZ: COn °7 ' ThUS ,’ the , F ' A mtl ° f ° r ^ 'fr^ncy or minill 

carbon) ZisZZ " "** ™ (hydro- 

operahon ofa^d 10 ^^T 16 ^ ^4° °'° 6 ‘ S th<5 beSt com P romise for various part loads 

10.6. MAXIMUM POWER RANGE 

‘ Si e ope a nld U theF/A er TT ZZ™** ?5% t0 10 ° % rated P ° wer ' ^ throttle is 
full opened, the F/A ratio has to be made richer, because maximum torque is required at 

a given speed, or maximum b.m.e.p. is required. Moreover, the richer mixture TeZsZ 

z:z:r ent T e faaure ^ therefore ’ f/a “ 

throttle valve is wide open as shown by C-D portion of the curve in Fig. 10 6 Inciden¬ 
tally. too rich mixtures inhibit NO x and detonation. 

F/A Zom* reqUirement for maximum P° wer Is a rich mixture of A/F about 14 : 1 or 

• In multi-cylinder engines the A/F ratios are slightly lower (i.e., slightly richer mixture) 
to overcome maldistribution of air fuel mixture in different cylinders 

• asm-rate 0 / SUP T <:harged engines the best economy mixture is leaner than its naturally 

aspirated counterpart over the whole operational range. y 

Steady Running Mixture Requirements in Practical Operation 

• Refer Fig. 10.6. The S.I. engines using gasoline show best economy F/A ratio very close 

IdTtTV" th :?T e> PartiCU,ariy ’ in tbe a bsence of seve^detonatil Z wUh 
^d load? “ iXtUre fr ° m manif ° ld t0 Vari0US cylinders at a11 speeds 

‘ Ju^12n1n ar R^oT 0 “ S t0 WWCh d6PartUre fr ° m th6 best ' brak0 economy 
curve shoWn in Fig. 10.6 may be practically needed : 

(i) To compensate for poor distribution. 

(ii) To allow for possible errors or variations in carburettor metering 

l^zz: s ,"it ,p °“ '“ b - '’»»■ ■>»* .«■».. - 

(iv) To reduce or eliminate detonation. 
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10.7. TRANSIENT MIXTURE REQUIREMENTS 

• Transient conditions are those conditions at which, speed, load, temperatures or pres¬ 
sures are abnormal or changing rapidly , like in : 

— starting of an engine ; 

— warming up of an engine ; 

— acceleration of vehicle {i.e., increased in load); 

— deceleration of vehicle (i.e., decrease in load). 

• The transient mixture requirements are different from steady running mixture require¬ 
ments because in the former case the evaporation of the fuel may be incomplete, the 
quantity of liquid fuel in the inlet manifold may be increasing or decreasing, and distri¬ 
bution of fuel to various cylinders may be different. 

10.7.1. Starting and Warming Up Mixture Requirements 

It has been observed that a very cold engine generally requires abnormally rich mixture at 
the carburettor in order to secure firing mixture in the cylinder. Thus the carburetion system must 
supply very rich mixtures for starting and the F/A ratio must be progressively reduced from this 
point during the warm up period until, the engine will run satisfactorily with the normal steady 
running F/A ratios. 

— During starting a very rich mixture must be supplied, as much as 5 to 10 times the 
normal amount of petrol (A/F ratio 3 : 1 to 15 : 1, F/A ratio 0.3 to 0.07). With the warm¬ 
ing up of the engine the amount of evaporated fuel increases and hence the mixture 
ratio should be progressively made leaner to avoid too much evaporated F/A ratio. 

10.7.2. Mixture Requirements for Acceleration 

• With regard to engines, the term ‘acceleration' is generally used to refer to an increase 
in engine speed resulting from opening the throttle. The main purpose of opening the 
throttle, however, is to provide an increase in torque and whether or not an increase in 
speed follows depends on the nature of the load. 

— With constant speed engines the throttle opening increases torque or b.m.e.p. at 
the governed speed. 

• In order to impart acceleration when the throttle is opened, the manifold pressure in¬ 
creases, and fuel must be supplied to increase liquid content of the fuel of the manifold. 
If the carburettor supplies constant F/A ratio, the F/A ratio going to the manifold will 
becomes less during the time the liquid content of the manifold is being built up to a 
larger value when the throttle is suddenly opened. The reduction in t;he F/A ratio to the 
cylinders can be such as to cause misfiring, backfiring, or euen complete stopping of the 
engine. In order to avoid such a situation it is often found essential to increase the supply 
ratio by injecting into the manifold a quantity of fuel known as “Accelerating charge”. 
The optimum amount of accelerating charge is that which gives best power F/A ratio in 
the cylinder. 
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below : 
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In general, the required F/A ratios for various running conditions of the S.I. < 


. engine are listed 


S. No. 

Running condition 

F/A ratio 

1. 

Starting 

0.2 : 1 

2. 

Warming 

0.15 : 1 

3. 

Idling 

0.085 : 1 

4. 

Running with maximum thermal efficiency (80% throttle) 

0.06 to 0.07 : 1 

5. 

Running with developing maximum power (80% throttle) 

0.0775 to 0.08 : 1 

6. 

Full throttle 

0.085 : 1 

7. 

Acceleration 

0.1:1 


10.8. EFFECTS OF OPERATING VARIABLES ON MIXTURE REQUIREMENTS 

ttction^edSsSwo^ VariaWeS "* “ “* 6xhaUst P^ures, ^ark timing and 

1. Inlet and exhaust pressure : 

* fntZ Wn ini , nlet P ressure due t0 throttling or operating at altitudes leads to reduction 
m flame speed, and increase in F/A ratio for best economy reduction 

' Pr “*™ ™“' 1 “ M "■”« *»— in F/A ratio 

2. Spark timing 

mu,, iz tzsstz t :Tz:r rh **" w, “ M * *• “»•■> *-■* ™ 

3. Friction 

for JS*"”' " ' P ' “ '»'* * « in the ,>*,,«« „, PIA ratio 

10.9. MIXTURE REQUIREMENTS FOR DIESEL ENGINES 

• An engine under normal operating conditions and with injection timing fixed and one 

Thus'w’th reqmre T FM rati °- Th6 F/A rati0 «>e out^t of the engine 

'll j given r) vol and given intake air conditions (p) a given value of F/A ratio (F ) 
will produce one i.m.e.p. and hence one b.m.e.p. 0 ( * r) 

“ of 8 n “’I b ;/rr ‘ T P ' a ? d F « for Vari0US factors «f «>e products 

pn P ?. f . ^i-.The values of p a have been chosen for below and above atmospheric 

■'«*■!= oo-superchorged »d LpTh'S 

* S’ ' lm “ - F/A - ~ ■»» 
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0 0.2 0.4 0.6 0.8 


f R ► 


Fig. 10.7 

• In diesel engines the fuel injection spray envelope contains in its evaporated portion, a 
heterogeneous mixture with local F/A ratios varying from F^, = 0 to F^. = *>. Thus com¬ 
pression ignition of most favourable local FI A ratio occurs initiating the flame which 
later serves as very hot source and assists in flame stabilisation and burning of fuel-air 
mixtures. The practical high limit of overall F/A ratio, however, is set by smoke and 
deposits. 

• The smoke free combustion is seldom obtained above!? R = 0.8 and most diesel engines are 
never rated above this limit of FI A ratio for continuous operation. 


HIGHLIGHTS 


1. Steady running is defined as mean continuous operation at a required speed and power output with 
normal temperatures. 

2. Transient operation includes starting, warming up, and changing from one speed or load to another, 
specially for automotive vehicle engines during acceleration and decelerations, and also idling. 

3. The richening of mixture increases the probability of contact between fuel and air particles and thus 
improves combustion. 

4. The smoke free combustion is seldom obtained above F n - 0.8 and most diesel engines are never rated 
above this limit of F/A ratio for continuous operation. 


OBJECTIVE TYPE QUESTIONS 


Fill in the Blanks or Say “Yes” or “No”. 

1.is defined as mean continuous operation at a required speed and power output with normal 

temperatures. 
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2. Any factor that tends to increase the crank angle occupied by combustion, will tend to increase the F/A 
ratio for best economy. 

3. The no load running mode of engine is called. 

4. The increased dilution of chaige due to exhaust gases causes the combustion to be erratic or even impos¬ 
sible. 

5. The A/F ratio used for idling and low loads should be.for smooth operation. 

6. The richening mixture.the probability of contact between fuel and air particles and thus. 

combustion. 

7. The mixture requirement for maximum power is a rich mixture of A/F of about 3 : 1. 

8. Transient conditions are those conditions at which speed, load, temperatures or pressures are abnormal 
or changing rapidly. 

9. Tlie transient mixture requirements are different from steady running mixture requirements. 

10. During starting, a lean mixture should be supplied. 

11. Reduction in inlet pressure due to throttling or operating at altitudes leads to reduction in flame speeds 
and increase in F/A ratio for best economy. 

12. Any deviation from the optimum spark timing will lead to the increase of best economy F/A ratio, since it 

will increase the.losses. 


ANSWERS 


1. Steady running 2. Yes 3. idling 4. Yes 6. rich 

6. increases, improves 7. No 8. Yes 9. Yes 10. No 

11. Yes 12. time. 


THEORETICAL QUESTIONS 


1. What do you mean by “Steady r unnin g” ? 

2. What is a “Transient operation" ? 

3. Explain briefly fuel/air mixture requirements for steady running. 

4. Describe briefly optimum fuel/air ratios. 

5. State the fuel/air mixture requirements for the following : 

(i) Idling and low load. 

(ii) Normal power range or cruise range, 

W) Maximum power range. 

6. What are “Transient conditions” ? 

7. Explain briefly the following : 

(i) Starting and wanning up mixture requirements. 

(ii) Mixture requirements for acceleration. 


8. What are the effects of following operating variables on mixture requirements ? 

(0 Inlet and exhaust pressure 
(ii) Spark timing 
(iii) Friction. 

9. Write a short note on “Mixture requirements for diesel engines”. 
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Carburetion and Carburettors 


11.1. Introduction. 12.2. Induction system. 11.3. Factors influencing carburetion 11.4. Mixture 
requirements. 11.5. Distribution. 11.6. Transient mixture requirements. 11.7. A simple or 
elementary carburettor. 11.8. Complete carburettor. 11.9. Carburettors—Essential features of 
good commercial carburettor for automotive engines-Types of carburettors-Descnption of 
some important makes of carburettors-Solex carburettor-Carter carburettor-S.U. carburettor 
(Constant vacuum variable choke)-Aircraft carburettor. 11.10. Petrol injection-Drawbacks of 
modern carburettors—Introduction to fuel injection—Direct injection-indirect injection 
Injection considerations—Comparison of petrol injection and carburetted fuel supply systems 
Electronic fuel injection. 11.11. Theory of simple carburettor. Worked Examples Highlights 
Objective Type Questions—Theoretical Questions—Unsolved Examples. 


11.1. INTRODUCTION 

Carburetion. The process of preparing in the S.L engine , a combustible fuel air mixture 
outside the engine cylinder is called “carburetion” This complicated process is achieved in the 

induction system. , 

Carburettor. A carburettor is a device which atomises the fuel and mixes it with air. It is the 
most important part of the induction system. 

_ For several decades, carburettors were used on most S.I. engines as the means of adding 

fuel to the intake air. The basic principle on which the carburettor works is extremely 
simple but by the 1980s, when fuel injectors finally replaced it as the main fuel input 
system, it had evolved into a complicated, sophisticated, expensive system. Carburettors 
are still found on a few automobiles, but vast majority of car engines use simpler, better 
controlled, more flexible fuel injector systems. Many small engines like those on lawn 
movers and model airplanes still use carburettors, although much simpler ones than 
those found on the automobile engines of the 1960s and 1970s. This is to keep the cost of 
these engines down, simple carburettor being cheap to manufacture while fuel injectors 
require more costly control systems. Even on some of these small engines, carburettors are 
being replaced with fuel injectors os pollution laws become more stringent, 

11.2. INDUCTION SYSTEM 

The schematic arrangement of induction system is shown in Fig. 11.1. 

• The pipe that carries the prepared mixture to the engine cylinders is called the intake 
manifold . 

• The carburettor is the focal point of the induction system. 

• The fuel system, comprising the fuel supply tank and necessary fuel pumps, lines and 
filters supply liquid fuel to the carburettor. 

• During the motion stroke vacuum is created in the cylinder which causes the air to flow 
through the carburettor and the fuel to be sprayed from the fuel jets. Due to the volatility 
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someoHhelarger drops 1S ^*h f m * x * ure ‘ However, 

..d „« d mth * **, „ Won 


Intake manifold 



• Thp «. ^ U ' L SChematiC arr “ genle nt of the ‘Induction System'. 

• There is a limited range ofA/^F ratioin T' 11 *'* 3 the quantit y of the mixture. 

>n SI. engines is sustainable. Outside^h^rfnge^thT^ 6 ^^ 1which com hustion 
sustain flame propagation. This range ofuseful A/F rat' f '* t0 ° rich ° r to ° lean to 
8 ■ 1 (rich). e rul A/F ratio is from approx. 20 : 1 (lean) to 

11.3. FACTORS INFLUENCING CARBURETION 

2. Th. ^ r ,„mn ih„« 

3. The temperature of the incoming air. 

4. The design of the carburettor. 

mixture is aVa ; lable for the fo ™ation of 

tion may be of the order of 10 to 5 milhse”nd d s Urati0n ^ f ° rmati ° n and induc - 

’ -ch refluire a finite time to 

example, in an engine running at 3000 r n m the ‘ T T-^ “ hlgh Sf>eed engines (For 
0 02 second). For completion of these processes S' such!, 17°°^ ^ f ° r less than 
is required in designing the carburettor system Peri ° d 3 great ingenuity 

porisation character^ ti^of Ihe SSrar^lnsu^dV ^ ^ g °° d Va ' 

drocarbons in the fuel. ensured by presence of high volatile hy- 

the temperature of the il” omtag^t iTh^h Tres^t^Rh 0011 Pr ° CeSS ° fthe fuel If 
The mixture temperature can be increased W heatine th" !f F rat65 ° f vaporisation, 
result in reducing power due to reduction in mass flow Jato " but * wiU 
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# f.° r * S - L ? n f ne » the design of carburetion system is very complicated owing to the fact 
that the air-fuel ratio required by it varies widely over its range of operation, particu¬ 
larly for an automotive engine. For idling as well as for maximum power rich mixture is 
required. 

11.4. MIXTURE REQUIREMENTS 

Fig. 11.2. shows the variation of mixture requirements from no-load to full-load in a S I 
engine. 7 



Fig. 11.2. Mixture requirements of automotive S.I. engine. 

1. Idling and low speed (From no-load to about 20% of rated power ): 

Idling refers to no power demand. During idling air supply is throttled and residual gases 
make up a large fraction of the charge at the end of the suction period. In addition, during valve 
™r™w P f n °u SOm f 6XhaUSt gases are drawn back int0 ‘he cylinder. The result is that a chemically 
rnmL C f S ° 1C of air and fuel (= 15 : 1) would be so diluted by residual gases that 

^7/ S p 10n , W °i-, d b , e erratiC ° r im P os ®^' e - A rich mixture, therefore, must be supplied during idling 

7 10 . ’ or ^2 . 1). The richness should gradually change to slightly lean for the second 
range as shown m Fig. 11.2, 

2. Cruising or normal power (from about 25% to about 75% of rated power ): 

norma l power range the main consideration is fuel economy . Because mixture of fuel 
na air is never completely homogeneous the stoichiometric mixture of fuel and air will not burn 

TnZfrfr n me be wasted ' For this reason of air, say 10% above theoretically 

correct (- 16.5:1), is supplied in order to ensure complete burning of the fuel 

3. Maximum power ( From 75% to 100% of rated power): 

P ° W6riS ° btained when aI1 the air supplied is, fully utilized. As the mixture is not 
mpletely homogeneous a rich mixture must be supplied to assure utilization of air (though this 

for m mean wasting so ™ e fuel * which would pass in exhaust in unbumed state). The air-fuel ratio 
for maximum power is about 13 :1. 

n „ „„ Ru ™ in f on the weakest mixture. This results in high efficiency and there is fuel economy. 
Un normal loads engines work on weak mixture. 

overloUfrhl^ff °? rl . Chest mix }'" e - En g‘nes run on rich mixture during idling and during the 
overload. The effect is lowering of efficiency and pollution problems. 

• Automobiles engines generally operate well below full power and a complicated system 
or ma ng t e mixture rich is neither called for nor economically advisable, although 
some means are employed to enrich the mixture. A more representative curve for an 
automobile engine is shown in Fig. 11.3. 
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0 1 2345 67 8 8.5 


Air flow, m 3 /min-► 

Fig. 11.3 

— The portion of the curve from d to e shows the fuel-air requirements for wide open 
throttle (W.O.T.) and the load is further increased. 

— The Fig. 11.3 exhibits that a simple elementary carburettor is incapable to provide 
the F/A ratio as desired at part throttle as shown by a-b-c-d or W.O.T. given by d.e.f. 
The simple carburettor gives the curve as shown by g-h-k. 


11.5. DISTRIBUTION 

Ideally, a carburettor should supply mixture of the same fuel-air ratio to each cylinder of a 
multi-cylinder engine ; this condition is very difficult to achieve practically. 



port 


Fuel-air 

mixture 


Fig. 11.4 
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• Since in a carburettor complete atomisation and vaporisation of the fuel is not achieved, j 

therefore, the mixture passing through the intake manifold generally contains a certain 
amount of petrol in the droplet form. These droplets possess greater inertia than the ; 

gaseous mixture. Thus when there is an abrupt change in the direction of flow the drop- i 

lets continue to move in their original direction (Refer Fig. 11.4) and consequently vari¬ 
ation of A / F ratio between cylinders takes place, the outer cylinders getting richer mix¬ 
ture than the inner cylinders. 

• The uneven distribution is also caused owing to the existence of thin film of liquid film 
adhering to the inner walls of the inner manifold. 

The imbalance in air-fuel ratio in different cylinders can be partially corrected as follows : 

(£) By heating the mixture in the intake manifold to vaporize the droplets of liquid. By doing 
so, however, the mass of the charge is reduced, resulting in reduction of power output. 

(ii) By supplying a rich overall air-fuel mixture so that the leanest cylinder receives the re¬ 
quired air-fuel ratio. This would, however, result in other cylinders getting a richer mix¬ 
ture than required. 

11.6. TRANSIENT MIXTURE REQUIREMENTS 

The function of a carburettor is not only to provide a suitable mixture for steady-running but 
also to supply mixture for transient conditions»under which load, speed, temperature or pressure 
alter rapidly. The main transient conditions of operation are : 

— Starting and warming up ; 

— Acceleration, and deceleration. 

The mixture requirements under transient conditions are different from those of steady run¬ 
ning due to the following reasons : 

(i) The evaporation may be incomplete ; 

(ii) The quantity of liquid fuel in the inlet manifold may be increasing or decreasing ; 

(Hi) The distribution of fuel to various cylinders may be different. 

1. Starting and warming up requirements: 

When the engine is started from cold, its speed and temperature are low and as such much of 
‘heavy ends’ (The hydrocarbons with high vapour pressures and low boiling points are called ‘ light 
ends’ and those which are less volatile are called ‘heavy ends’) supplied by the carburettor do not 
vaporise and remain in liquid form. Further vaporised fuel may recondense on coming in contact 
with cold cylinder walls and piston head. Thus, even when the F/A ratio at the carburettor is well 
within the normal combustion limits or petrol-air mixtures, the ratio of the ‘ evaporated fuel’ to air in 
the cylinder may be too lean to ignite. Consequently it is necessary to supply a rich mixture during 
starting , as much as 5 to 10 times the normal amount pf petrol (A / F ratio 3 : 1 to 15 : 1 or F/A ratio 
0.3 to 0.7), in order that ‘light ends’ are available for proper ignition. With the warming up of the 
engine there is an increase in the amount of evaporated fuel and hence the mixture ratio should be 
progressively made leaner, too rich evaporated F/A ratio is avoided. 

2. Acceleration requirements: 

• With regard to engines, the terms acceleration generally refers to an increase in engine 
speed resulting from opening the throttle. The main object of opening the throttle, how¬ 
ever, is to provide an increase in torque and whether or not an increase in speed follows 
depends on the nature of load. 

• Under steady running conditions, the fuel evaporated in the intake manifold moving 
much faster than the liquid film formed on the induction system walls, does not cause 
any problem. But when the throttle is suddenly opened e.g. during acceleration, the liquid 
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fuel lags behind and, the cylinder receives temporarily a lean mixture whilst actually, to 
produce more instantaneous power for acceleration, a rich mixture is needed. Hence, a 
suitable mechanism (acceleration pump) is required to provide rich mixture during the 
acceleration period. 

.. „ . N ° te ' T1 ' e , P , et , r ° I t0 be , USed shouW be carefulI y made suit the engine and the climate of the place 
since too high volatility or too low volatility, both create difficulties in operation. 

— Too high volatility may form bubbles in the carburettor and fuel lines particularly when 
the engine temperatures are high, which interfere with the supply and metering of the 
fuel and may disturb the F/A ratio so seriously that engine may stop working. 

— Too low volatility may cause petrol to condense on the cylinder walls, diluting and re¬ 
moving the lubricating oil film; ultimately the petrol may reach the cranckcase past the 
piston rings and dilute the engine oil. Condensation of petrol on cylinder walls also causes 
carbon deposits. 

11.7. A SIMPLE OR ELEMENTARY CARBURETTOR 

In order to understand a modern carburettor (a very complex device) it helps first to study a 
stmple carburettor which supplies fuel-air mixture for cruising or normal range of speed and then to 
add other devices or attachments to take care of other function like starting, idling, accelerating 
decelerating and other variable load and speed operations. 

Fig. 11.5, shows a schematic diagram of a simple or elementary carburettor. 

Fuel-air mixture 



Fig. 11.5. A simple or elementary carburettor. 
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• It consists of a float chamber ■, nozzle with metering orifice, venturi and throttle valve. 

— The float chamber is meant for storage of fuel. The fuel supplied under gravity 

action or by fuel pump enters the float chamber through a filter. The arrangement 
is such that when oil reaches a particular level the needle ffloat valve blocks the 
inlet passage and thus cuts off the fuel oil supply. On the fall of oil level, the float 
descends down, consequently intake passage open and again the chamber is filled 
with oil. Then the float and the needle/float valve maintains a constant fuel oil level 
in the float chamber. There is a nozzle (discharge jet) from which £he fuel is sprayed 
into the air stream as it enters the inlet and passes through the venturi or throat. 
The fuel level is slightly below the outlet of the jet when the carburettor is inoperative . 

• As the piston moves down in the engine cylinder, suction is produced in the cylinder as 
well as in the induction manifold as a result of which air flows through the carburettor. 
The velocity of air increases as it passes through the constriction at the venturi and the 
pressure decreases due to conversion of a portion of pressure head into kinetic energy. Due 
to decreased pressure at the venturi and hence by virtue of difference in pressure (be¬ 
tween the float chamber and the venturi) the jet issues fuel oil into air stream. Since the 
jet has a fine bore, the oil issuing from the jet is in the form of fine spray ; it vaporises 
quickly and mixes with air. The air-fuel mixture enters the engine cylinder ; it quantity 
being controlled by the position of the “throttle valve”. 

Limitations : 

(0 Although theoretically the air-fuel ratio supplied by a simple (single jet) carburettor should 
remain constant as the throttle goes on opening, actually it provides increasingly richer 
mixture as the throttle is opened. This is because of the reason that the density of air tends 
to decrease as the rate of flow increases. 

— This fault is corrected by using a number of compensating devices. 

(«) During idling, however, the nearly closed throttle causes a reduction in the mass of air 
flowing through the venturi. At such low rates of air flow, the pressure difference between 
the float chamber and the fuel discharge nozzle becomes very small. It is not adequate 
enough to cause fuel to flow through the jet. 

— This fault may be corrected by using an idling jet which helps, in running the engine 
during idling. 

(Hi) Carburettor does not have arrangement for providing rich mixture during starting and 
warm up. 

— This limitation is taken of by using a choke arrangement. 

11.8. COMPLETE CARBURETTOR 

For meeting the demand of the engine under all conditions of operation, the following addi¬ 
tional devices/systems are added to the simple carburettor : 

1. Main metering system 

2. Idling system 

3. Power enrichment or economiser system 

4. Acceleration pump system 

5. Choke. 

1. Main metering system : 

The main metering system of a carburettor should be so designed as to supply a nearly con¬ 
stant fuel-air ratio over a wide range of operation. This F/A ratio is approximately equal to 0.064 (A/ 
F ratio = 15.6) for best economy at full throttle. In order to correct the tendency of the simple carbu- 


Visit: www.Civildatas.com 

























































Visit:"www.Oiviidatas.com 


374 INTERNAL COMBUSTION ENGINES 

rettor to give progressively richer mixtures with load speed, the following automatic compensating 
devices are incorporated in the main metering system : 

(i) Compensating jet device. 

(ii) Emulsion tube or air bleeding device. 

(me) Back suction control or pressure reduction method. 

( iv ) Auxiliary valve carburettor. 

(t>) Auxiliary port carburettor. 

These devices are explained below : 

(i) Compensating jet device: 

A schematic diagram of a compensating jet device is shown in Fig. 11.6. 


Air-fuel mixture 
to cylinders 



Fig. 11.6. A compensating jet device. 

• In this device, in addition to the main jet, a compensating jet is provided which is in 
communication with a compensating well. The compensating well is also vented to at¬ 
mosphere (like the main float chamber) ; it is supplied with fuel from the main float 
chamber through a restricting orifice. 

• As the air flow increases, the level of fuel in the compensating well decreases, thus re¬ 
ducing the fuel supply through the compensating jet. The compensating jet thus progres¬ 
sively makes the mixture leaner as the main jet progressively makes the mixture richer, 
the sum of the two remaining constant as shown in Fig 11.7. The main jet and compen¬ 
sating curves are more less reciprocals of each other. 
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Air flow, m 3 /min 

Air speed past jet increasing-► 

Fig. 11.7. Variation of F/A ratio vs. air flow with main and compensating jets. 

— At even higher rates of air flow, when the compensating jet has been emptied, air is 
bled through the compensating Jet to continue the leaness effect , and incidently to 
assist in atomisation of fuel. 

(ii) Emulsion tube or air bleeding device i 

The mixture correction in modem carburettor is done by air bleeding alone. Such an arrange¬ 
ment is shown in Fig. 11.8. 



Fig. 11.8. Correction in modem carburettors by air bleeding. 

• A main metering jet is fitted 25 mm below the petrol level in the float chamber and 
therefbre it is called submerged jet . The jet is situated at the bottom of a well, the sides of 
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not as great as that in the simple carburettor • aCr ° SS the Petr<)1 column is 

This results in progressively uncovering the >i l ■ J? r ° ls drawn into the air stream. 

toe main jet! 01 deCreasing ric ^ mess of the mixtare^Nwmri^w'ttTen t^es placefrom 

i.m) Back suction control or pressure reduction method : 

l T InLl e 2° d J COmm0nly US6d 40 ChaDge the 8ir - ftlel rati0 in carburettors 
• in this device/arrangement (Refer Fie n qu , 

carburettor entrance with top of the float chamber Another fine" 7®“*"?® connects the 

orifice line, connects the top of the float rhemh ?wu - containiD g a very small 

valve is placed in the large vent Une ^ ^ ' throat - A contro1 


Fuel-air 

mixture to en^ne 



Fig. 11.9. Back-suction control or pressure reduction method. 


Visit: www.Civildatas.com 


CARBURETION AND CARBURETTORS 


377 

S 

orifice is (pj-p 2 ) whenp 2 is the pressure at the throat. If the valve is closed, the float 
chamber communicates only with venturi throat and pressure on the fuel surface 
will bep 2 . Then the carburettor depression &p will be zero and no fuel can flow. By 
proper adjustment of control valve any pressure between p 1 and p 2 can be obtained 
in the float chamber, thus altering the quantity of fuel discharged by the nozzle. 

( iv ) Auxiliary valve carburettar: 

Fig. 11.10 shows an auxiliary valve carburettor. When load on the engine increases, the 
vacuum at the venturi throat also increases. This lifts the valve against the spring force 
and consequently more air is admitted and the mixture is prevented from becoming over¬ 
rich. 

(u) Auxiliary port carburettor. 

• This method is used in aircraft carburettors for altitude compensation. 

• Fig. 11.11 shows an auxiliary port carburettor. When the butterfly valve is opened, addi¬ 
tional air is admitted and at the same time the depression at the venturi throat is re¬ 
duced ; this results in decreasing the quantity of fuel drawn in. 


Fuel-air mixture 
to engine 



Fuel-air mixture 
to engine 



Fig. 11.10. An auxiliary valve carburettor. Fig. 11.11. An auxiliary port carburettor. 

2. Idling system : 

• As earlier discussed that at idling and low load an engine requires a rich mixture having 
about air-fuel ratio 12 : 1. The main metering system not only fails to supply enrich the 
mixture at low air flows but also cannot supply any fuel during idling operation. It is due 
to this reason that a separate idling jet must be incorporated in the basic carburettor. 
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• Fig. 11.12 shows an idling jet. It consists of a small fuel line from the float chamber to a 
point on the engine side of the throttle ; this line contains a fixed fuel orifice. 

— When throttle is practically closed, the full manifold suction operates on the outlet 
to this jet. Besides local suction is increased due to very high velocity past the throt¬ 
tle valve. Fuel therefore can be lifted by the additional height upto the discharge 
point, but this occurs only at very low rates of air flow. 


To engine 



Fig. 11.12. Idling jet. 

— When the throttle is opened , the main jet gradually takes over and the idle jet even¬ 
tually becomes ineffective. 

— The idle adjust (a needle valve controlling the air bleed, which is manually oper¬ 
ated) regulates the desired A/F ratio for the idling jet. 

3. Power enrichment or economiser system : 

At the maximum power range of operation from 75% to 100% load, a device should be avail¬ 
able to allow richer mixture (F/A about 0.08) to be supplied despite the compensating leanness. 
Meter rod economiser shown in Fig. 11.13 is such a device. It simply provides a large orifice opening 
to the main jet when the throttle is opened beyond specified limit. The rod may be tapered or stepped. 
— An economiser is a valve which remains closed at normal cruise operation and gets opened 
to supply enriched mixture at full throttle operation. It regulates the additional fuel 
supply for the above operation. (The term economiser is rather misleading. It stems from 
the fact that such a device provides a rich uneconomical mixture at high load demand 
without interfering with economical operation in the normal power range). 
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Fuel-air mixture 
to engine 



Fig. 11.13. Skelton outline of a meter rod economiser. 


4. Acceleration pump system : 

• Acceleration is a transient phenomenon. In order to accelerate the engine rapidly, a very 
rich mixture is required which a simple carburettor may not be able to supply. Rapid 
opening of throttle will be immediately followed by an increased air flow, but the inertia 
of liquid fuel (gasoline) will give momentarily lean mixture. Thus acceleration mixture 
required may not be met with in practice. To overcome this difficult situation an accel¬ 
eration pump is incorporated. 

• Fig 11.14 shows an acceleration pump. It consists of a spring-load plunger. Also is pro- 
vided a linkage mechanism so that when throttle is rapidly opened the plunger moves 
into the cylinder and forces an additional jet of fuel into the venturi. An arrangement is 
also provided which ensures that when throttle is opened slowly, the fuel in the pump 
cylinder is not forced into the venturi but leaks past plunger or some holes into the float 
chamber. 

— In some carburettors, instead of providing mechanical linkages, an arrangement is 
made so that the pump plunger is held up by manifold vacuum. Whenever this vacuum 
is reduced by rapid opening of throttle a spring forces the plunger down pumping 
the fuel through the jet. 
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Fuel-air mixture 
to engine 



rig. 11 . 14 . Acceleration pump. 

5. Choke : 

tures a very rich a " d intake tem P*« 

ten times more fuel (than usual mixture!) is requi^Th! 1 ma'° met,mes .. as .^ igb asftve to 
fraction of fuel may remain liquid suspended in air man “ £ rea s° n J s that veiy large 
vapour fraction can provide a combustible mixture withafrThem?^ ' ^ the 

providing such mixture is by the use of choke ™ Th St popular method of 

’ ts£££ «*•• th. -««•. u» 

~ Us » riT. t T. , " r * a ' oB r- ** -• 

from the main nozzle and provides a <■ - ^ am ° Unt ° f fUeI 

b y-Paas >. ««. 

and reached a desired speed. The choke can be ma!!! f GrSlst after the en &ine has started, 
of a thermostat so that choke is closed when en^n * 0pe 5f te ^ utom atically by means 
when the engine warms up after starting e is cold and goes out of operation 
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Fuel-air mixture 
to engine 



Fig. 11.15. Choke valve with spring-loaded by-pass. 

• The provision of auxiliary fuel jets that are opened manually or automatically only as 
required, is an alternative to the choke. 

11.9. CARBURETTORS 

11.9.1. Essential Features of Good Commercial Carburettor for Automotive Engines 

Carburettor is a mixing device to supply the engine with air-fuel mixture. It atomizes the fuel 
and mixes it with air in varying proportions to meet the changing operating conditions of automotive 
engines. It is required to provide the following essential features : 

1. To meter and supply the proper quantity and proportion of air and fuel at correct strength 
under all conditions of load and speed of the engine of the car for 

(0 starting it easily from cold. 

(«) providing a rich mixture for slow idling. 

(Hi) providing a rich mixture for acceleration, 

(iv) providing a rich mixture for high speed, and 

(u) providing a rich mixture for low speed when moving up-gradient. 

2. To operate satisfactorily when cold, or when hot 

3. To operate satisfactorily both on level and hills 
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4, To overcome air-cleaner restrictions. 

5. To withstand vibrations and road jerks. 

11.9.2. Types of Carburettors 

Carburettors, basically, are of the following two types : 

1. Open choke type 

• , Here, the main orifice known as the choke tube or venturi is of fixed dimensions, and 

metering is affected by varying the pressure drop across it. Almost all carburettors, except 
S.U. carburettor, belong to this category of carburettors. 

• The important examples of this type of carburettor are : 

(i) Zenith carburettor 
(u) Solex carburettor 
(Hi) Carter carburettor 
(iv) Stromberg carburettor. 

2. Constant vacuum type 

• In this type of carburettor the area of the air passage is varied automatically while the 
pressure drop is kept approximately constant. 

• Example : S.U. carburettor. 


Basic forms of carburettors: 

Refer Fig. 11.16. Carburettor may be of the following three basic forms, 
(i) Updraught (£*) Downdraught 

(iii) Horizontal. 




(u*) Downdraught 


(iii) Horizontal 


Fig. 11.16. Basic forms of carburettors. 
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: • The updraught variety is now obsolete and is only used where neither of the other types 
can be accommodated. 

• The downdraught and horizontal types of carburettors are most widely used . 

— The advantage of downdraught variety is that the mixture is assisted by gravity in 
its passage into the engine induction tract , and at the same time the carburettor is 
usually reasonably accessible. 

— The horizontal type of carburettor has some advantage when under-bonnet space is 
limited. 

11.9.3. Description of Some Important Makes of Carburettors 

Following carburettors will be described here : 

1. Solex carburettors 

2. Carter carburettors 

3. S.U. Carburettor. 

11.9.3.1. Solex Carburettor 

This carburettor is made in various modelsnnd is used in Fiat, Standard and Willy’s Jeep. It 
is famous for the following characteristics : 

( i ) Easy starting; 

(ii) Good performance; 

(iii) Reliability. 

Fig. 11.17. shows the schematic arrangement of a solex carburettor. The unique feature of 
this carburettor is Bi-starter for cold starting. 

The various components and the circuits for air and fuel for various ranges of operation are 
explained below : 

1. Normal running: 

• Solex carburettor comprises a conventional float (1) in a float chamber. 

• The fuel is provided through the main metering jet (2) and the air by the choke tube or 
venturi (3). 

• The fuel from the main jet passes into the well of air-bleed emulsion system ; (4) is the 
emulsion tube which has lateral holes. 

• Air correction jet (5), calibrates the air entering through it and ensures automatically 
the correct balance of air and fuel. 

• The metered emulsion of fuel and air is discharged through the spraying orifice or nozzle 
(6) drilled horizontally in the vertical stand-pipe in the middle of choke tube or venturi. 

• (7) is the conventional butterfly valve. 
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Air 



Fuet-air mixture 
to engine 

1. Conventional float 
3. Choke tube or venturi 
5. Air correction jet v 

7. Conventional butterfly valve 
9. Starter petrol jet 
11. Starting passage 
13. Pilot jet 

15. Idling volume control screw 
17. By-pass orifice 
19. Pump lever 


2. Main jet 
4. Emulsion tube 
6. Spraying orifice or nozzles 
8. Flat disc with holes of different sizes 
10. Jet 

12. Starter lever 

14. Small pilot air bleed orifice 

16. Idle port 

18. Pump injector 

20. Pump jet 


21. Pump inlet valve. 

Fig. 11.17. Schematic arrangement of a solex carburettor. 

2. Cold starting and warming • 

^ ^ carburettors. 

connect the jS)°/nd strt ? ^ ° f These ^o.es 

a hole just below the throttle valve at (11) Ether bir» t0 ^ P ®. ssa f e . whlch °P ens into 
the passage, depending unon blgger or smaller holes come opposite 

ho ‘™ Th * ih '” w *—*-»» position s.' s. 
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i applied to the starting passage (11), sucking petrol from jet (9) and air from jet (10). The 
jets and passages are so shaped that the mixture provided to the carburettor is rich 
enough for starting. 

• After starting the engine, the starter lever is brought to the intermediate position, bringing 
the smaller holes in the starter valve (8) into the circuit, thus reducing the amount of 
petrol. Also in this position, the throttle valve is partly open, so that the petrol is also 
coming from the main jet. In this situation, the reduced mixture supply from the starter 
system, however, is sufficient to keep the engine running till it reaphes the normal run¬ 
ning temperature, when the starter is brought to “off-position”. 

3. Idling and slow running : 

• From the lower part of the well of the emulsion system a hole leads off to the pilot jet 
(13). 

• At idling the throttle is practically closed and therefore the suction created by the engine 
on suction stroke gets communicated to the pilot jet. Fuel is inducted therefrom, and 
mixed with a small amount of air admitted through the small pilot air bleed orifice (14) 
and forms an emulsion which is conveyed down the vertical channel and discharged into 
the throttle body past the idling volume control screw (15). The slow running adjustment 
screws allows the engine speed to be varied. 

• By-pass orifice (17) provided on the venturi side of the throttle valve ensures the smooth 
transfer from idle and low speed circuit to the main jet circuit without occurrence of flat 
spot. 

4. Acceleration: 

• In order to avoid flat spot during acceleration, a diaphragm type acceleration is incorpo¬ 
rated (also known as economy system). This pump supplies spurts of extra fuel needed 
for acceleration through pump injector (18). 

• Pump lever (19) is connected to the accelerator so that on pressing the pedal, the lever 
moves towards left, pressing the membrane towards left, thus forcing the petrol through 
pump jet (20) and injector (18). On making the pedal free, the lever moves the diaphragm 
back towards right creating vacuum towards left which opens the pump inlet valve (21) 
and thus admits the petrol from the chamber into pump. 

11.9.3.2. Carter Carburettor 

A carter carburettor is an American make carburettor and is used in jeeps. It is a standard 
equipment on chevorolet and Pontiac series of cars. 

Fig. 11.18 shows the schematic arrangement of a downdraft type Carter carburettor. The 
brief description of the components and circuits is given below : 

• The petrol (fuel) enters the conventional type float chamber (1). 

• The air enters the carburettor from the top, a choke valve (2) in the passage remains 
open during normal working. 

• This carburettor has a triple venturi diffusing type of choke, i.e. it has three venturies , 
the smallest (3) lies above the level in the float chamber, and the remaining two venturies 
(6) and (5) are below the fuel level (in the float chamber), one below the other. 

• At very low speeds, suction in primary venturi (3) is sufficient to draw the fuel. The 
nozzle (4) enters the primary venturi at an angle, and throws the fuel up against the air 
stream evenly, thereby providing finely divided atomised fuel. The mixture from venturi 
(3) passes centrally through the secondary venturi (5) where it is surrounded by a blan¬ 
ket of air stream and finally this leads to the third main venturi (6), where again the 
fresh air supply insulates the stream from the secondary venturi. The fuel-air mixture 
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enters the engine in well mixed atomised state. The multiple venturi gives more homoge¬ 
neous and better mixture at very low speeds resulting in steady and smooth operation at 
low speeds. This arrangement also ensures adequately formed mixture at high speeds. 


Air 



Fuel-air mixture 
to engine 


1. Float chamber 

2. Choke valve 

3. Primary venturi 

4. Nozzle 

5. Secondary venturi 

6. Third (main) venturi 

7. Metering rod 

8. Throttle valve 

9. Idle port 

10. Idle feed jet 

11. Bypass 

12. Low speed port 

13. Plunger 

14. Inlet check valve 

15. Outlet check valve 

16. Throttle control rod 

17. Jet. 



Fig. 11.18. Schematic arrangement of a downdraft Carter carburettor. 

• In Carter carburettor mechanical metering method is used. In the fuel circuit there is a 
metering rod (7) (having two or more steps of diameter) which is actuated by a mecha¬ 
nism connected with the main throttle. The amount of petrol drawn into the engine is 
governed by the area of opening between the metering rod jet and metering rod. 

1. Starting circuit: 

• In order to start the engine, a choke valve (2j is incorporated in the air circuit. The choke 
valve is of butterfly type, one half of which is spring controlled. The valve is hinged at the 
centre. 

— When the engine is fully choked, the whole of the engine suction is applied at the 
main nozzle, which then delivers fuel. Since the airflow is quite small, very rich 
fuel-air mixture is supplied. 
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— When the engine starts/fires, the spring controlled half the choke valve is sucked 
open to provide correct quantity of air during the period of warm up. 

2. Idle and low speed circuit: 

• For idling rich mixture in small quantity is required. 

• The throttle valve (8) is almost closed in idling condition. 

• The entire suction pressure created by the piston in the engine, during suction stroke, is 
exerted at the idle port (9). Consequently, the petrol is drawn through the idle feed jet 
(10) through first by-pass (11) and a rich idle mixture is supplied. The throttle valve is 
opened further in low speed operation. 

At this stage the fuel is delivered both by the main venturi and low speed port (12) through 
the idle passage. 

3. Acceleration pump circuit: 

• The acceleration pump is employed to overcome flat spot in acceleration. 

• The pump consists of a plunger (13) working inside a cylinder consisting of inlet check 
valve (14) and outlet check valve (15). The pump plunger is connected to accelerator 
pedal by throttle control rod (16). 

• On rapid opening the throttle by pressing the accelerator pedal, the pump is actuated 
and a small quantity of petrol is spurted iftto the choke tube by a jet (17). Releasing the 
accelerator pedal takes the plunger back by spring force and in the process sucks petrol 
from the float chamber for next operation. 

• The acceleration pumpdoes not supply fuel continuously for heavy load but only provides 
an extra spurt of fuel during acceleration to avoid flat spot. 

11.9.3.3. S.U. Carburettor (constant vacuum variable choke) 

— In general carburettors are of * constant choke ' type ; examples being Zenith, Solex 
and Carter. S.U. carburettor differs from them being ‘constant vacuum or depres¬ 
sion' type with automatically variable choke. 

— It is used in many British cars and was used in Hindustan Ambassador car. 

Fig. 11.19 shows the S.U. carburettor schematically. The various components and cir¬ 
cuits are described below : 

1. Normal operating conditions : 

• The full metering is accomplished by a tapered needle which is raised or lowered in a 
jet to alt^r the effective annular jet orifice, and hence fuel flow. The needle projects from 
underneath the flat face of the cylindrical air-valve, which alters the choke area as it is 
raised or lowered. The upper part of the air-valve is enlarged to form a piston which fits 
into the lower open end of the vaouum chamber. A spindle situated in the centre of the 
air-valve guides the assembly into the cylindrical vacuum chamber. To improve the ac¬ 
curacy and time response of the air-valve vertical movement with very small changes in 
engine demands, the friction between the air-valve spindle and guide is sometimes re¬ 
duced by installing a ball-race between the two sliding surfaces. 

• While the engine is running, the effect of the depression above the piston in the upper 
chamber, and the atmospheric pressure underneath, is to raise the air-valve and piston 
assembly against its own weight and the stiffness of the return spring. Since the doward 
load is almost constant, a constant depression is needed to keep the air-valve stationary 
in any raised position. The amount the air-valve lifts depends on the flow rate of air which 
passes through the mixing chamber, this being controlled by the engine speed and throt¬ 
tle opening position. 
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a 


Over run Acceleration 
position position 

(c) Acceleration 
piston damper device 



Spring loaded 
tapered needle 
Petrol 
inlet 
pipe 


assembly 

(b) Over run valve in 
open position 


Valve body 


(d) Enrichment cutoff maximum enrichment 
cold start enrichment device 
Fig. 11.19. S.U. carburettor (constant vacuum variable choke). 
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2. Mixture adjustment and fuel temperature compensation : 

• The jet height initial adjustment and hence mixture strength can be made by altering 
the tilt of the right angled lever which is attached to a spring-loaded retaining screw and 
a bimetallic strip which extends to the petrol jet. To alter the jet height, the horizontal 
jet adjustment screw is screwed inwards to lower the jet and enrich the mixture, and 
outwards to raise the jet and weaken the mixture. 

• In order to compensate for the variation in fuel viscosity within changing temperature 
and the reluctance of the fuel to flow through an orifice as its viscosity rises, a bimetal¬ 
lic strip submerged in the fuel senses a temperature change arid alters the effective jet 
size accordingly. When the fuel temperature rises the bimetallic strip curls upwards and 
pushes the jet further into the tapered needle. Conversely, if the fuel becomes cooler, the 
strip bends downwards and lowers the jet to increase the annular jet orifice. 

3. Part throttle by pass emulsion system. Refers Fig. 11.19 (a). 

• This system is a passagaway which bypasses the mixing chamber, it spans the distance 
between the feed duct at the jet bridge and a discharge duct at the throttle butterfly 
edge. 

• The bypass passage, with a small throttle opening, delivers a quantity of mixture in a 
well emulsified condition from the jet to a high depression point near the edge of the 
throttle. Since the bypass passagaway is much smaller than the mixing chamber bore, 
the mixture velocity through this pas§age will be much greater and therefore the air-fuel 
mixing will be that much more thorough. 

4. Overrun valve. Refer Fig. 11.19 (6). 

• Under overrun working conditions, the closed throttle will create a very high depression 
on the engine side of the throttle and in the induction manifold. Consequently, the effec¬ 
tive compression ratio will be low, burning will be slow and erratic, and the exhaust prod¬ 
ucts will contain high valves of hydrocarbon. To improve the burning process so that more 
of the fuel is doing useful work and less is passed through to the exhaust as incomplete 
combustion products, a spring-loaded plate-valve is incorporated in the throttle but¬ 
terfly disc. 

• When the engine is operating at overrun conditions, the manifold depression at some 
predetermined value will force open the spring loaded plate-valve to emit an additional 
quantity of correct air-fuel mixture. The increased supply of air-fuel mixture will reduce 
the manifold depression with the result that the denser and better prepared mixture charge 
will improve combustion, and hence less unburnt products will be passed through to the 
exhaust. 

5. Hydraulic damper (acceleration enrichment device). Refers Fig. 11.19 (c). 

• This device is incorporated to enrich the mixture strength when the throttle is opened 
rapidly but it does not interfere with the normal air-valve lift or fall as the mixing cham¬ 
ber depression changes with respect to steady throttle opening. 

— The damper valve is mounted on the lower end of a long stem inside the hollow 
guide spindle of the air-valve and is submerged in a light oil. The damper consists of 
a vertically positioned loose fitting sleeve, its underside resting on a spring clip 
attached to stem, while its upper end is chamfered so that it matches a conical seat 
formed on the central support stem. 

• On rapid opening of the throttle, the sudden rise in depression in both mixing chamber 
and air valve upper chamber tends to jerk up the air valve assembly. Simultaneously, 
the viscous drag of oil in the hollow spindle will lift the sleeve and press it against its 
seat, and so the oil is thus temporarily trapped beneath the damper so that it prevents 
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any further upward movement of the air valve. For this brief period a temporary in¬ 
crease in the depression over the jet orifice is achieved, and more fuel will therefore be 
drawn to enrich the resultant mixture strength. 

— When the change in engine speed steadies, the depression in the upper air-valve 
vaccum chamber will also stabilize and there will be a slight leakage of oil between 
the sleeve and its spindle bore. Consequently any oil pressure created underneath 
the sleeve damper will now be released enabling the sleeve to drop down onto spring 
clip-Oil will now move freely through the annular space made between the sleeve 
and its seat so that the air-valve vertical movement can again react to small changes 
in demands of the engine. 

6. Cold start device. Refer Fig. 11.19 (d). 

• A cold start-device is in the form of a rotary-valve consisting of a cylindrical valve body, 
which has an annular groove in the middle region with a single radial hole drilled in its 
side. Fitted inside the valve body is a spindle which has an axial hole bored half-way 
along from one end, while at the other end a control level is bolted. A double taper notched 
radial hole intersects the axial hole in the spindle. The whole assembly of the valve body 
and spindle is positioned in a larger hole made in the side of the floor chamber. 

• In order to cold start the engine the choke knob situated on the instrument panel is 
pulled out , the interconnecting cable rotates the control lever and spindle to a position 
where the radial hole for both spindle and valve body are aligned. When the engine is 
cranked a high depression is created in the mixing chamber formed between the jet 
bridge and throttle valve, and this depression is conveyed to the axial hole in the control 
spindle where it then passes to the annular groove on the outside of the valve body. Here 
it divides and draws the fuel from the dip tube and atmospheric air from the float cham¬ 
ber by way of the air jet. The emulsified mixture is then drawn into the hollow spindle 
along the discharge passage duct and out into the mixing chamber. 

• With warming up of the engine, the choke knob can be pushed back steadily, this rotates 
the control lever and spindle so that the notched hole passageway becomes progressively 
smaller and thus restricts the quantity of air and petrol emulsion trying to enter the mix¬ 
ing chamber. 

11.9.3.4. Aircraft Carburettor 

The major difference between an automobile carburettor and an aircraft carburettor is that 
whereas the former operates at ground level conditions, the latter operates at varying altitudes. 
With the increase in altitude the density of air decreases and A/F ratio which is proportional 
to air density/fuel density decreases, i.e. the fuel-air mixture goes on becoming richer with increase 
in altitude. The mixture will be about 40% richer at an altitude of about 7000 metres (since at this 
altitude the air density is nearly one-half that at ground level and hence A / F ratio about 0.7 times 
the valve at ground level). 

In view of the above, it is imperative to provide in aircraft carburettors an altitude mixture 
correction device to reduce the quantity of fuel progressively with altitude. For this purpose, the 
following methods are employed : 

(i) Air bleeding''; 

( ii ) Back suction control; 

(Hi) Incorporating a metering pin. 

The aircraft carburettors entail the following other special features : 

• For fuel level system a special float chamber is required. 

• For controlling/eliminating the formation of ice in the choke tube and on the throttle 
valve due to low temperature an automatic de-icing unit is fitted or hot engine oil is 
arranged to flow around the carburettor barrel and through the hollow throttle valve. 
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11.10. PETROL INJECTION 

11.10.1. Drawbacks of Modern Carburettors 

The modern carburettors have the following drawbacks : 

1. The mixture supplied to various cylinders of a multi-cylinder engine varies in quality and 
quantity. Also, due to fuel condensation in induction manifold, the mixture proportion is affected. 

2. Due to presence of several wearing parts, the carburettors operate at a lower efficiency. 

3. Reduced volumetric efficiency due to non-availability of a free flow passage for the mixture 
owing to the presence of choke tubes, throttle valves, jets, bends etc. 

4. At low temperatures, freezing can occur (if special means to obviate this are not provided). 

5. When the carburettor is tilted or during acrobatics in aircraft surging can occur (if means 
to avoid this are not provided). 

6. In the absence of flame traps, backfiring may occur which may lead to ignition of fuel 
outside the carburettor. 

11.10.2. Introduction to Fuel Injection 

• The function of a fuel injection system is : 

(i) To monitor the engine’s operating variables, 

(ii) To transfer this information to a metering control, then 

(iii) To discharge and atomise the fuel into the incoming air stream. 

• The position where the fuel is injected into the air charge considerably influences the 
performance of the engine. 

11.10.3. Direct Injection. Refer Fig. 11.20. 

• In this type of layout the fuel injectors are positioned in the cylinder-head so that fuel is 
directly discharged into each combustion chamber (Fig. 11.20). 

• With this arrangement it is essential that injection is timed to occur about 60° after 
T.D.C. on the induction stroke. 

• Because of the shorter time period for fuel spray to mix with the incoming air charge, 
increased air turbulence is necessary. To compensate for the shorter permitted time for 
injection, atomising and mixing, the injection pressure needs to be higher than for indi¬ 
rect injection. 

• More overlap of exhaust and inlet valves can be utilized compared with other carburetted 
or injected systems, so that incoming fresh air can assist in sweeping out any remaining 
exhaust gases from the combustion chambers. 

• The injector nozzle and valve have to be designed to withstand the high operating pres¬ 
sures and temperatures of the combustion chamber, this means that a more robust and 
costly injector unit is required. 

• Generally, direct-injection air and fuel mixing is more thorough in large cylinders than in 
small ones because fuel droplet sizes do not scale down as the mixing space becomes smaller. 

• All condensation and wetting of the induction manifold and ports is eliminated but some 
spray may condense on the piston crown and cylinder walls. 

11.10.4. Indirect Injection. Refer Fig. 11.20. 

• In this arrangement the fuel is injected into the air stream prior to entering the combus¬ 
tion chamber. Fuel spray may be delivered from a single-point injection (S.P.I.) source, 
which is usually just upstream from the throttle (air intake side of the throttle), or it 
may be supplied from a multi-point injection (M.P.I) source, where the injectors are posi¬ 
tioned in each induction manifold branch pipe just in front of the inlet port. (Fig. 11.20). 
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Throttle 

valve 



• Indirect injection can be discharged at relatively low pressure (2 to 6 bar) and need not 
be synchronized to the engine’s induction cycle. Fuel can be discharged simultaneously 
to each induction pipe where it is mixed and stored until the inlet valve opens 

• Since indirect injection does not need to be timed, it requires only low discharge pres¬ 
sures and the injectors are not exposed to combustion, the complexity of the operating 
mechanisms can be greatly reduced, which considerably lowers cost. 

• L h lw gle ‘ POint V njeCt A 0n f yStem has the same air and fi»l mixing and distribution 

problems as a carburettor layout but without venturi restriction so that higher engine 
volumetric efficiencies are obtained. High injection pressures, compared with the carbu¬ 
rettor discharge method of fuel delivery, speed up and improve the atomization of the 
Liquid spray. 1 

• The multi-point injection layout, in contrast to the single-point injection method has no 

" f lfflC t l ltle l smce each injector discharges directly into its own induction 
port and the mixture then has only to move a short distance before it enters the cylinder 
Since the induction manifold deals mainly with only induced air, the branch pipes can be 
enlarged and extended to maximize the ram effect of the incoming air charge 
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A major feature with petrol injection is that there is separate air and fuel metering and that 
fuel metering is precise under all engine operating condition’s. 

11.10.5. Injection Considerations 

The fuel can be discharged into the air stream, using indirect injection arrangements, by the 
following two methods : 

1. Continuous injection. 

2, Intermittent or pulsed injection. ) 

1. Continuous injection: 

In this arrangement, the injector nozzle and valve are permanently open while the engine is 
operating and the amount of fuel discharged in the form of a spray is controlled by either varying the 
metering orifice or the fuel discharge pressure, or a combination of both of these possible variables. 

2. Intermittent or pulsed injection : 

In this type of injection, fuel is delivered from the injector in spray form at regular intervals 
with a constant fuel discharge pressure and the amount of fuel discharged is controlled by the time 
period the injector nozzle valve is open. 

• Timed injection. This where the start of delivery for each cylinder occurs at the same 
angular point in the engine cycle, this can be anything from 60° to 90° after T.D.C. on the 
induction stroke. 

• Non-timed injection. In contrast to timed injection, this is where all the injectors are 
programmed to discharge their spray at the same time , therefore each cylinder piston will 
be on a different part of the engine cycle. 

11.10.6. Comparison of Petrol Injection and Carburetted Fuel Supply Systems 
Merits of petrol injection : 

Following are the merits of petrol engine system : 

1. In petrol injection system, due to absence of venturi there is the minimum of air restriction 
so that higher engine volumetric efficiencies can be obtained with the corresponding improvement in 
power and torque. 

2. The spots for pre-heating the cold air and fuel mixture are eliminated so that denser air 
enters the cylinder when the engine has reached normal operating conditions. 

3. As the manifold branch pipes are not greatly concerned with mixture preparation they 
can be designed to utilize the inertia of the air charge to increase the engine’s volumetric efficiency ; 
(this does not apply for single point injection). 

4. Because of direct spray discharge into each inlet port, acceleration response is better. 

5. Atomization of fuel droplets is generally improved over normal speed and load driving 
conditons. 

6. It is possible to use greater inlet and exhaust valve overlap without poor idling, loss of fuel 
or increased exhaust pollution. 

7. The monitoring of engine operating parameters enables accurate matching of air and fuel 
requirements under normal speed and load conditions which improves engine performance, fuel con- 
sumption and reduces exhaust pollution. 

8. Fuel injection equipment is precise in metering injected fuel spray into the intake ports 
over the complete engine speed, load and temperature operating range. 

9. There is precise fuel distribution between engine cylinders even under full load conditions 
with multi-point injection. 

10. Multi-point injection does not require time for fuel transportation in the intake manifold 
and there is no manifold wall melting. 

11. With fuel injection, when cornering fast or due to heavy braking, fuel surge is eliminated, 
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., ,} 2 r The sin & le P° mt as well as multi-point injection systems are particularly adaptable and 
suitable for supercharged engines. 

Demerits / Limitations of petrol injection : 

Petrol injection system entails the following demerits f limitations : 

1. Initial cost of equipment is high ; replacement parts are also expensive, 

2. Increased care and attention required. 

3. In order to diagnose fuel injection system faults and failures, special servicing equipment 
is necessary. 

4. It is necessary to have considerably more mechanical and electrical knowledge to diag¬ 
nose and rectify the faults of fuel equipment. 

5. Injection equipment may be elaborately complicated, delicate to handle and impossible to 
service. 

6. More electrical and mechanical components to go wrong. 

7. Due to pumping and metering of the fuel there is increased mechanical and hydraulic 
noise. 

8. Due to the fine working tolerances of the metering and discharging components, very 
careful filtration is needed. 

9. To drive the fuel pressure pump or injection discharge devices, power (be it electrical or 
mechanical) is necessary. 

10. More bulky and heavy (than that of a carburetted fuel supply system). 

11.10.7. Electronic Fuel Injection 

s ^ ows the fuel injection system-L-Jetronic with air flow metering (developed by 
Robert Based Corp.) It consist of the following units : 



Fig. 11.21. Fuel injection system-L-Jetronic with air-flow metering. 
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1. Fuel delivery system 2. An induction system 

3. Sensors and air flow control system 4. Electronic control unit. 

1. Fuel delivery system : 

• It consists of an electrically driven fuel pump which draws fuel from a fuel tank. The 
pump forces the oil through a. filter into a line at the end of which is situated a pressure 
regulator , which in turn is connected to intake manifold. 

• The pressure regulator keeps the pressure difference between the fuel pressure and the 
manifold pressure constant, so that the quantity of fuel injected is dependent on the 
injector open time only. 

2. Air induction system : 

• After passing the air filter, the incoming air flows through an air flow meter, which 
generates a voltage signal (depending on the quantity of air flow). 

• Just behind the throttle valve is fitted a cold start magnetic injection valve, which injects 
additional fuel for cold start. This valve also supplies the extra fuel needed during warm¬ 
up period. 

• An auxiliary valve (which by-passes the throttle valve) supplies the extra air required 
for idling (in addition to rich-air-fuel mixture). This extra air increases the engine speed 
after cold start to acceptable idling speed. 

• To the throttle valve is attached a throttle switch equipped with a set of contacts which 
generate a sequence of voltage signals during the opening of throttle valve. The voltage 
signals result in injection of additional fuel required for acceleration. 

3. Electric control unit: 

• The sensors are incorporated to measure the operating data at different locations. The 
data measured by the sensors are transmitted to the electronic control unit which com¬ 
putes the amount of fuel injected during each engine cycle. The amount of fuel injected is 
varied by varying the injector opening time only. 

• The sensors used are : 

— Manifold pressure ; 

— Engine speed ; 

— Temperature at the intake manifold. 

4. Injection time : 

• For every revolution of the camshaft, the fuel is injected twice, each injection contribut¬ 
ing half of a fuel quantity required for engine cycle. 

• The injectors, at different phases of the operating cycle, are operating simultaneously. 

11.11. THEORY OF SIMPLE CARBURETTOR 

During the induction stroke, the air is sucked through the carburettor by the pressure differ¬ 
ence across it created when the piston moves. As the air passes through the venturi, its velocity 
increases and reaches maximum (section 2-2, see Fig. 11.22) at venturi throat, this being the mini¬ 
mum area in the induction track (unless the throttle is sufficiently closed to provide a smaller area). 
As a result of suction created in the venturi fuel is sucked through the nozzle. The tip of the nozzle 
is 2 metres above the float chamber level; this arrangement prevents spilling of petrol when vehicle 
is stationary. Let us find expressions for air flow neglecting and considering the compressibility of 
air. 
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To engine 



Float 

chamber 


Fig. 11.22. Principle of a simple carburettor. 

Case I. Neglecting the compressibility of air —Approximate Analysis. 

Applying Bernoulli’s equation at sections 1-1 and 2-2, the equation for air flow is given by 

C 2 




. P2 


...( 11 . 1 ) 


Pa 2 Pa 2 

where, p a = Density of air kg/m 3 , and 

p v p 2 - Pressure at sections 1-1 and 2-2 respectively. 

Cj = C 2 = Velocities at sections 1-1 and 2-2 respectively, m/s. 

Assuming initial velocity of air to be zero (Cj = 0), density of air (p o ) to be constant , since air is 
assumed incompressible , we have 

pi _ ft | ql 

Pa Pa 2 


...( 11 . 2 ) 


- IEEZeUI [2ap7 

V Pa V Pa 


)2CPi-p 2 ) 

Pa 

where, Ap a = Pl -p 2 

Mass of air per second m a = C 2 A 2 p a = A 2 J2p a Ap a 
where A 2 is area of venturi throat in m 2 . 

(The above equation gives theoretical mass flow of air. The actual mass flow is obtained by 
multiplying the co-efficient of discharge of venturi) 

Similarly, for the flow of fuel, we have 


...(11.3) 


...(11.4) 


Ex 

P / 


p 2 w 
~ + -jr- + gz 
P f 2 


..(11.5) 
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where, p^ = Constant density of fuel, and 
Cf - Velocity of flow of fuel. 


f%Pi-P 2 ~gzpf ) /2 (Ap a 

r l v f = i ~i 


~ 8 Z 9 /) 


n v ...(11.6) 

P f V Pf 

[It may be noted that due to petrol surface being lower than the top of the jet by z metres the 
pressure difference becomes ( Ap a - gzpf) instead of ApJ ^ 

Mass of fuel per second, m f (theoretical) = A f A f ^2p f (Ap a - gzp f ) ...(11.7) 

where, A^= Cross-sectional area of the fuel jet /n 2 . 

.*. Air-fuel (A/F) ratio, 


m a _ A*i J2p a Ap a 


"V A f V 2 P f WPa ” ^P/) A f\9f'i(&Pa-g z Pf) 


A 2 I Pa 




...( 11 . 8 ) 


an ^ C^are the coefficients of discharge of venturi and fuel jet respectively, then 


Ap 0 


c df A f V Pf V “* PP/ 


If 2 = 0, 


...(11.9) 

...( 11 . 10 ) 


Efa_-Cda_ ^2 IPa 

"V V Pf 

Case II. Taking into consideration the compressibility of air in account '—Exact Analysis. 
When the compressibility of air is taken into account, the air flow will change but the fuel 
flow will remain unchanged. Applying steady flow energy equation (S.F.E.E.) at sections 1-1 and 
2-2, we get, 

» 2 o 2 


hi + — + Q - h 2 + —+ W 
2 2 


Q~W = (h 2 -h 1 ) + 


C/-C, 2 


where h if h 2 - Enthalpies at sections 1-1 and 2-2 respectively. 
Since Q = 0, W = 0 and C x = 0 

C 2 = ^2Th 1 -A 2 ) 

Substituting Aj = Cp Tj and A 2 = c p T 2 , we get 




...( 11 . 11 ) 


Since the flow process between the atmosphere and the venturi throat is isentropic, 

Y-i 

t 2 f p 2 

^T=(-J ...(11.12) 

Substituting eqn. (11.6) in eqn. (11.5), we get 


C 2=J2c p 7\ 


1- 


.(r-i)/Y 


...(11.13) 
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Now, the mass of flow of air is constant from inlet to venturi throat, and is given by 
. _A£ 1 _A^2 


"1 "2 

where v v v 2 = Specific volumes at sections 1-1 and 2-2 respectively. 

Since p 1 u 1 r = p 2 u 2 r , wjjj] =^(g) 

Substituting the values of C 2 and u 2 in eqn. 11.8, we get 


Theoretical mass flow of air, m n = £l\ |2c n Ti 

“ W UJ J ' 


1- 


.(y-D/y) 


..(11.14) 


...(11.15) 


A 2Pl 


1 

/ x*h 

/ ^(y+D/y" 


\m - 

[-1 ■ 

1 ' 

UJ 

(plj 


A .. pi 1 

1 % 

(?) 

r-i 

(?) 

(Y+l)/Y 

A Rp\ V 

%f (4P« - 

gzpf) 


...(11.16) 


..(11.17) 


TTlf L, df 

Comments on Air-Fuel (A / F) ratio supplied by the carburettor : 

1. From eqn (11.8), it may be observed that no fuel flow will take place when A p a < gzp f . 
When Ap a > gzpf, the fuel flow will start and the mixture becomes progressively richer. 

The minimum air velocity at throat to cause fuel flow, with given value of z, can be calcu¬ 
lated as follows ; 


From eqn. 11.4, 




XgZPf) 

Pa 


..(11.18) 


2, At higher air flows when A p a »gzp^(i.e. fraction gzp f JAp a becomes negligible), the air-fuel 
ratio approaches 


3s_ = pL ...(11.19) 

rhf A f C# ypf 

3. A reduction in the density of air reduces the value of A/F, i.e., the mixture becomes richer. 
It happens at (i) high air flows when A ,p a is large, hence C 2 is large and p 2 becomes small, ( ii ) high 
altitudes where density of air is small. 

Thus in a simple carburettor the air-fuel mixture becomes progressively richer with increas¬ 
ing air flows and increasing altitudes ; this is a big drawback . The other drawbacks are : 

• It cannot supply rich mixture required during idling and low load operation. 

• It cannot supply rich mixture for starting from cold. 

• It cannot supply extra fuel needed during acceleration. 
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WORKED EXAMPLES 


Example 11.1. A four cylinder four-stroke engine having diameter and length of stroke as 
100 m and 120 mm respectively is running at 1800 r.p.m. Its carburettor venturi has a 28 mm 
throat. Assuming co-efficient of air flow 0.8, density of air 1.2 kg/m 3 and volumetric efficiency of the 
engine as 75 per cent, determine the suction at the throat. 

Solution. Given : D = 100 mm = 0.1 m ; L = 120 mm = 0.12 m ; N - 1800 r.p.m. ; 

Throat diameter, d 2 = 28 mm = 0.028 m ; = 0.8 ; p a = 1.2 kg/m 3 ; q vol = 75%. 

Suction at the throat Ap ft : 

Stroke volume = - x (0.1) 2 x 0.12 x 4 = 0.00377 m 3 
4 

Actual volume per strokes = T| yol x 0.00377 = 0.75 x 0.00377 = 0.00283 m 3 
Actual volume sucked per second 

= 0.00283 x 1 ??? x — = 0.04245 m 3 /s 
2 60 

m a = 0.04245 x 1.2 = 0.05094 kg/s 

As the initial temperature and pressure are not given, the problem is solved by approximate 
method i.e., neglecting compressibility of the air. 

A. = C da X A 2 = ^2p„ &p a , ...[Eqn. 11.4] 

0.05094 = 0.8 X -j(0.028) 2 pxl2xAp a 
= 7.63 x 10- 4 7Zp7 

f 0.05094_ | = 4457 N/m 2 = 0 . 0 4457 bar. (Ans.) 

“ (.7.63 x 10~ 4 J 

Example 11.2. A spark ignition engine on test consumes 5 kg fh of petrol when running on an 
air-fuel ratio of 16:1. The engine uses a single-jet carburettor having a fuel orifice area of 2 sq mm 
and the tip of the jet is 5 mm above the level of petrol in the float chamber, when the engine is not 
running. Calculate the depression in the venturi throat to maintain the required fuel flow rate through 
the carburettor. Assume specific gravity of petrol as 0.75 and the coefficient of discharge of the fuel 
orifice as 0.8. What area of venturi throat will be required to maintain the desired flow rate ? Density 
of air is 1.20 kg/m 3 and the coefficient of discharge for venturi throat is 0.8. Neglect compressibility 
of air. (Roorkee University, AMIE, S-2000) 

5 

Solution. Given : rhf = -= 0.001389 kg/s ; A/F ratio = 16 : 1; 

1 3600 

Fuel orifice area, A, f = 2 mm 2 = 2x lO^ 6 m 2 ; z = 5 mm = 0.005 m ; 

Sp. gr. of petrol = 0.75 ; C ^ = 0.8, p o = 1.2 kg/m 3 ; C da = 0.8. 

Depression in venturi throat, Ap a : 

, The actual fuel flow rate is given by, 

rh f = . A f ^2p f (Ap a - gzp f ) ...[Eqn. (11.7)] 

where A p a is in N/m 2 . 

or 0.001389 = 0.8 x (2 x lO^ 6 ) ^2x(0.75 x 1000) (Ap a - 9^8lx 0.005 x 0.75 x 1000) 


1 
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0.001389 
0.8 x 2 xl0~ 6 

A P , 


= 38.73 VAp a -36.79 


- 36.79 = (— 


0.001389 


Throat area, A t : 

Air flow rate, m n = 


,8 x 2 x 10 -6 x 38.73 

Ap a = 539.2 N/m 2 . (Ans.) 


3600 


x 16 = 0.02222 kg/s 


Also. 



Throat 


Fig. 11.23 


'"a =Cda xA t V^PaAPa ...(Eqn. (11.4) 

(Here A 2 = A^) 

0.02222 = 0.8 x A, J2x 1.2x539.21 
. 0.02222 

A t =- = 7.7209 x 10- 4 m 2 

0.8 V2x 1.2x539.21 

= 7.7209 cm 2 . (Ans.) 

Example 11.3. The following data relate to a petrol engine : 

Petrol consumed per hour = 7.2 kg 

The specific gravity of the fuel * = 0.75 

The temperature of air - 27°C 

The air fuel ratio = 2 ; 15 

The diameter of the choke tube = 24 mm 

The height of top of the jet above the petrol level = 4.2 mm = 0.0042 m in the float chamber 

The co-efficient of discharge for air = 0.8 

The co-efficient of discharge for fuel =0.7 

Atmospheric pressure = l % 013 bar 

Calculate the diameter of the fuel jet of a simple carburettor. 

7.2 

Solution. Given : m f = kg/s ; P/ .= 0.75 x 1000 = 750 kg/m 3 ; T, = 27 + 273 = 300 K 

A / F ratio = 1 : 15 ; d 2 = 24 mm = 0.024 m ; z = 4.2 mm = 0.0042 m ; 
c da = ° 8 ; = 0.7 ; js, = 1.013 bar. 

Diameter of the fuel jet, d f : 

Pi 1.013 xlO 5 


We know that, 
Air flow rate. 


P “ (0.287 x 1000) x 300 

= A 2 C i a V 2 P<.4Pa 


= 1.176 kg/m 3 


15x7.2 n - - 

lioT = 4 * ( 4) X 0 8 >/2x 1-176 xAp a 


= 5.55 x 10 -4 <jAp a 


A Pa 


15x7.2 


Fuel flow rate, 


3600 x 5.55 x 10~ 4 
m f = A f C df V 2 P/ (A Pa ~ g z Pf) 


= 2922 N/m 2 


..[Eqn. 11.7] 


Visit: www.Civildatas.com 


CARBURETION AND CARBURETTORS 


4%1 


y 2 ____ 

3600 = i' (d /) 2x0 -7 i / 2 x 750 (2922 - 9.81 x 0.0042 x 750) 

= 1144.89 ( d f ) 2 

( 72 V 72 

df= (i600x 1144.89J = 132x 10 " 3 m « 1.32mm. (Ans.) 

with ana^ef^tf'Afmf e r C ^ Urett0r . “ «•'**" 5.45 kg/h of petrol 

of the fuel iet is 0 675 rm /fC 77 “ 2 OTm “ coe ff lcient of discharge ofO. 75. If the tip 

I^fd^hZ ss:tis 2S£ * *•— 

m/a. (£) The VentUH depressl0n in cm of HP necessary to cause air and fuel flow at the desired 

Hi) The venturi throat diameter. 

(in) The velocity of air across the venturi throat. 

You may take density of air = 1.29 kg/m 3 and specific gravity of period - 0.72. 

(Madras University) 

Solution. Given : m f = = 0.001514 kg/s ; A/F ratio = 15 ; A f = 2 mm 2 

= 2 x lO^ 6 m 2 ; C^= 0.75 ; 2 : = 0.635 cm = 0.00635 m ; C, = 0.8 ; 

P a = 1*29 kg/m 3 ; Sp. gr. of petrol = 0.72. 

(0 Venturi depression, Ap a : 

m f =C df- A f V 2 P/(APa - g z Pf) ...[Eqn. (11.7)] 

where Ap a is in N/m 2 . 

0.001514 = 0.75 x 2 x 10-« V 2 x (0.72 x 1000)(Ap n - 9.81 x 0.00635 x 0.72 x 1000) 


0.001514 


0.75 x 2 x 10 -6 


pi = 37.95^(4p a - 44.85) 


5p a - 44.85 = f- 0M15U] 2 

{ 0.75 xlO' 6 x37.95J 707-37 


75222 

Ap a = 752.22 N/m 2 = m of water = 7.67 cm of H 2 Q. (Ans.) 


(ii) Venturi throat diameter, D t : 

Air flow rate = ~xl5 = 0.02271 kg/s 


Also, 


m «= C da A t 

0.02271 = 0.8 x A t 7^x129x752.22 


A t = 6.444 x 10 4 m 2 = — D t 2 
4 


6.444 x 10“ 4 x 4 


— 0.0286 m = 2.86 cm. (Ans.) 
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(Hi) Velocity of air across the venturi throat C t : 

C t (or C 2 ) = 


2 (gzp/-) 


V 

4 


...(Eqn. 11.18) 


2 x 9.81 x 0.00635 x (0.72 x 1000) 
1.29 


= 8.34 m/s. (Ans.) 


Example 11.5. A carburettor; tested in the laboratory has its float chamber vented to atmos¬ 
phere. The main metering system is adjusted to give an air-fuel ratio of 15 :1 at sea level conditions. 
The pressure at the venturi throat is 0.8 bar. The atmospheric pressure is 1 bar. The same carburet¬ 
tor is tested again when an air cleaner is fitted at the inlet to the carburettor. The pressure drop to air 
cleaner is found to be 30 mm ofHg when air flow at sea level condition is 240 kg / h. Assuming zero tip 
and constant coefficient of flow, calculate (i) the throat pressure when the air cleaner is fitted 
and (ii) air-fuel ratio when the air cleaner is fitted. , (Bombay University) 

Solution, Given : A / F ratio = 15 : 1 at sea level conditions ; 
p 1 ~ 1 bar ; p 2 - 0.8 bar ; 

( i ) The throat pressure when the air cleaner is fitted : 

Quantity of air flowing is same in both the cases. 

(^Actual = C da A , ^I^pJPl - ft) 

When there is no air cleaner, 

Ap a = p i -p 2 = 1 - 0.8 = 0.2 bar 

When the air cleaner is fitted, let p t be the throat pressure, then 

30 




1000 x 13.6 x 9.81 x x 10 
1000 


■Pt 


bar 


= (0.96 - p t ) bar 
For the same air flow and constant coefficients, 

A p = A p j 

0.2 = 0.96 -p t 

p t ss 0.76 bar. (Ans.) 

(ii) Air-fuel ratio when the air cleaner is fitted : 

Without air cleaner, Ap^s A p a = 0.2 bar 

With air cleaner fitted (with float-chamber still vented to atmosphere), 
Ap / . = 1-0.76 = 0.24 bar 

As Ap^ has increased more fuel will flow making the mixture richer. 


(v 1 bar = 10 5 N/m 2 ) 


New A / F ratio = A / F ratio when air cleaner is not fitted x 


I Ap f witl 
\ A p t wi 


without air cleaner 


with air cleaner 


V 


= 15 x 


= 13.69. (Ans.) 


Example 11.6. A simple jet carburettor is required to supply 4.6 kg of air per minute. The 
pressure and temperature of air are 1.013 bar and 25°C respectively. Assuming flow to be isentropic 
and compressible and velocity coefficient as 0.8, calculate the throat diameter of the choke for air 
flow velocity of 80 m / s. 

Solution. Given : m n = = 0.0767 kg/s ; p, = 1.013 bar, T. = 25 + 273 = 

a 60 

? Cj = 0 ; C 2 = 80 m/s; C v = 0.8. 


: 298 K; 
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Throat diameter d 2 : 

Applying S.F.E.E. at sections 1-1 and 2-2, we have 
n 2 r 2 

V ~ + Q=^ + ~+w 
r 2 

°r + 


403 



-Aa) 

= -J2c p (7\ - T 2 ) 

-far, 

H) 

Jv, 

-fef 


2 - 


factual = Cj2c,Ti 


I 

Y-l 


1.4 



mi 

Fig. 11.24 


0.287 x —= 1.005 kJ/kg K 
4.1-1 


1 - 

14-1' 

2x1.005x1000x298 

1 14 

U. 013 J 


I 7T 

= 619.15 |1- -&_] 
V v 1.013 J 


, | Pi "l 0 ' 2867 ( 80 f 

'iloiaj “(imsj = 001669 


or Throat pressure, 


Now 


P 2 = 


(1- 0.01669)° 2857 


p = Pi _ 1.013 x10 s 

1 JW\ (0.287 x 1000) x 298 


x 1.013 = 0.955 bar 

1.1844 kg/m 3 


- = constant 


pv 1 ~ constant 
_P 
P y 

Pl _ Pi 
Pl V P2 Y 

Pi = Pi f—) = 1.1844 = 1.1356 kg/m 3 


Pi 


1 

U4 


.013 J 
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or 

or 


We know that, m a (= pAC) = p 2 A 2 C 2 

0.0767 = 1.1356 x A 2 x 80 (where A 2 = throat area) 
A 2 = 8.443 x 1(H m 2 


Throat diameter , 


A, = 8.443 x 10~ 4 = - d 2 

i 42 

f -A \V2 

' 8.443 x 1CT 4 x 4 ' 


= 0.0328 m or S.28 cm. (Ans.) 


Example 11.7. A simple jet carburettor is required to supply 6 kg of air per minute and 
0.45 kg of fuel of density 740 kg/m 3 . The air is initially at 1.013 bar and 27°C. 

(i) Calculate the throat diameter of the choke for a flow velocity of 92 mis. Velocity coeffi¬ 
cient - 0.8. 

( ii ) If the pressure drop across the fuel metering orifice is 0.75 of that at the choke, calculate 

the orifice diameter assuming C d - 0.60. (AMDE, S-2001 ; Nagpur University) 

Solution. Given : rh a - ^ = 0.1 kg/s ; ihf - 0.0075 kg/s ; 740 kg/m 3 ; 

p 1 = 1.013 bar ; 7\ = 27 + 273 = 300 K ; C 2 = 92 m/s ; = 0.8 ; 

C^=0.60. 

(i) Throat diameter, D 2 : 

Velocity of air at venturi throat, 


Now, 


C 2 = C. |2 Cp 7\ 



92 = 0.8 2x1.005x1000x300 




0.2857 


- 0.97807 , 


2x1.005x1000x300 
. P2 


= 0.021932 


= 0.925 


£2 

Pi) ’ Pi 

p 2 = 1.013 x 0.925 = 0.937 bar 
Pi v i y = /W 

,/y 

P 1 




RTi (l')U 


Pi V 0.925 J 
287 x 300 ( 1 


1.013xlO 5 V0.925 


= 0.898 m 3 /kg 
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dor 


Now, 

m 0 = 

Throat area, 

a 2 = 

But 

A% — 


D 2 (or Z>,) = 


C 2 


92 


m (9.76x4 

D t> = y- - — = 3.525 


(ii) Orifice diameter, d f : 

Pressure drop at venturi = 1.013 - 0.937 = 0.076 bar 
Pressure drop at jet = 0.75 x 0.076 = 0.057 bar 

° W ' m f ~ A f C df^2pf&P 


cm. (Ans.) 


0.0075 =A f x 0.6 1/2 x 740x0.057x10® = 1742.68 
Af = 4.304 x lO- 6 m 2 or 4.304 mm 2 


But, 


. It . 9 

Af - -df = 4.304 


d r = / 


4 x 4.304 


“ 2.34 mm. (Ans.) 


Example 11.8. The following data relate to « 4-stroke petrol engine of Hindustan Ambassa- 

Capacity of the petrol engine 
Speed at which maximum power is developed 
The volumetric efficiency (at the above speed) 

The air-fuel ratio 

Theoretical air speed at choke (at peak power) 

The co-efficient of discharge for venturi -0 82 

The co-efficient of discharge of the main petrol jet = 0.65 
The specific gravity of petrol 
Level of petrol surface below the choke 

Afmosp W pressure and temperature = 1M3 bar, 20 °C respectively 

percent of the chfke difmetef. ^ ^ emulswn tube ’ the diameter of which can be taken as 40 

Calculate the sizes of a suitable choke and main jet 

Seiution Given : V, = 1489 c.c. = 1489 x 10* m 2 = 0.001489 m 2 ; TV = 4200 r.p.m • 

T) vo ,-75%,A^ratio=13:l;C ( (=C 2 ) = 85m/s;C. = 0.82 C =0 65- 
p,= 0.74x 1000 = 740 kg/m 3 D (- n l-i mm t ^ b5 ’ 

mm = 0.006 m ; d = 0.4 D 1 ( " P * > " 13 bar ' P > (=p ‘ ] = ? i T i (-J 1 .) = 20 + 273 = 293 K; 

Volume of air induced = t| vol x V 

_ 0.75x0.001489x4200 

^60- - °' 03909 m /s 


= 1489 c.c. 

= 4200 r.p.m. 

- 75 percent 
= 13:1 
= 85 mls 
= 0.82 
= 0.65 
= 0.74 
= 6 mm 

— 1-013 bar, 20°C respectively 


z = 6 mm = 
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Mass flow of air, 


= m. = 1.013 Xl0 5 x 0.03909 = Q 0 ^ 709 kg/s 


RT X 0.287 x 10 d x 293 
For compressible flow, velocity at throat, 


C,= 


85 = 


85 = 767.4 



...[Eqn. (11.13)] 


II 

Pa 


-f—T 

1767.4J 


= 0.9576 


p t = 1.013 x 0.9576 = 0.97 bar 


Volume flow of air at choke, 


v, - 0.03909 x | ^ 




= 0.03909 x 
0.04032 


1.013 y. 
0.97 J 


* C t xC^ 85 x 0.82 


4 = 0.04032 m 3 /s 
= 0.0005785 m 2 = 578.5 mm 2 


Now, 


- (D 2 -d 2 ) = 578.5 
4 

[D 2 - (0.4 D) 2 ] = 578.5 
- x 0.84 D 2 = 578.5 


or 

or Choke dia., 

Mass flow of fjiel, 


D = 29.61 mm. (Ans.) 
m a 0.04709 
13 " 13 


= 0.003622 kg/s 


™f = Cjf.Aj fip f (hp a -gzp f ) 


...[Eqn. (11.7)] 


0.003622 = 0.65 x A j J 2 x 740 {(1.013 - 0.97) x 10 6 - 9.81 x 0.006 x 740} 


= 1639.75 A, 
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A; - x 10' D m z or 2.209 mm 2 


A j = J D jet 2 =2.209 

D jet » 1.68 mm. (Ans.) 


Example 11.9. The following data refer to a simple carburettor : 


Throat diameter - 18 mm 

Diameter of fuel orifice = 1.2 mm 

Co-efficient of air flow -0.82 

Co-efficient of fuel flow '=0.65 

Level of petrol surface below the throat = 6 mm 

Density of air = 1.2 kg/m 3 

Density of fuel = 750kglm 3 . 

Calculate : 

(i) The A f F ratio for a pressure drop of 0.065 bar when the nozzle lip is neglected ; 

{ii) The A IF ratio when the nozzle lip is taken into account; 

(ui) The minimum velocity of air or critical qir velocity required to start the fuel flow when 
nozzle lip is provided. 

Solution. Given :d a = 18 mm = 0.018 m ; 

d / = 1.2 mm = 0.0012 m ; 0.82 ; C# = 0.65 ;z = 6 mm = 0.006 m ; 

p o = 1.2 kg/m 3 ; p f = 750 kg/m 3 

(i) A / F ratio when the nozzle lip is neglected : 


Airflow, * a =C do A a j2p a Ap a 

Fuel flow, m, = C^A f pp f Ap a 

A/F ratio: 


...[Eqn. (11.4)] 


. - da /Pa 


_ 082 f 0.018 
,0.65 X 10.0012/ 


J— =11.35. (Ans.) 


(ii) A / F ratio when the nozzle lip is taken into account: 

The air flow will remain same. The fuel flow will become, 

m f =C df ) 


r XA 


T 

A/F ratio = 

0.82 


^SWf) 

P fi^Pa-gzPf 


_ j 0.018 y 

065 X [ 0.0012 J 


.4* 


K d f 


...[Eqn. (11.7)] 


0.065 


0.065 - (9.81 x 0.006 x 750/10 5 ) 


= 11.35 x 


0.065 


0.065 - 0.00044145 


: 11.39. (Ans.) 
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(in) Minimum velocity of air C • 


internal combustion engines 

“ or air, <j 2 : 

Ci=o . 

?i = lz + £i_ 


or 


or 


or 



Note tb , ,. * p « V 12 = 8.58 m/s. (Ans.) 

Stroke ~ HO mm 

Composition of the fuel used s HO mm 

Throat diameter of the choke tube " C = 84% * 7/ 2 = 16% 

Volumetric efficiency at 300 r.p.m. = 42 mm 

The pressure depression = 75% (re f erred to 0°Cand 1.013 bar) 

The temperature at the throat ~ °' 12 bar 

Characteristic g as constant: For air ! ZlJ tkgK 

If chemically correct air-fuel ratio is supplied f u = J/kg K 
(i) Fuel consumption in kglh; ^ COTnbustton > determine : 

(U) The air velocity through the tube. 

Solution. Given : D = Ho mm - rm „ . , 

T,vo1 - = ?5% ’ N = 3000 r p m ' J K = 287 J/kgK ■ *^-"97 J/toK = A°' U m ' d ° = 42 mm = 0 042 m • 

(() Fuel consumption in kg/h ; “ J/kgK; ^ = °' 3 2bar. 

The volume of mixture supplied at 0“C and 1.013 bar per minute 


is 

This 


= f^* 8 x f*n 


Vol. 


Also 


= — X (o.ll) 2 v 0 11 v- Q 

4 -ID x 0.11 x 8 x —^ x 0.75 = 9.408 m 3 /min. 


c + 0 2 = C0 2 


and 


12 


32 


44 


2H 2 + 0 2 = 2H 9 0 


4 

1 


^2 

32 

8 


36 

9 
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Thus, air required for combustion of 1 kg of fuel 


°‘ 84 X if + 016X8 


J 23 


15.3 kg 


Thus A / F ratio = =15 3 

m f 

The volume of one kg of air at 0°C and 1.013 bar, 

R a T 287x273 

v = -- * = 0.773 m 3 /kg 

1 P 1.013xl0 5 

Similarly volume of 1 kg of fuel vapour at 0‘C and 1.013 bar, 

R f T 97x273 
Vf =- - 


Thus mj min x v a + m f /min x v f 


15.3 ny //min x v a + mf / min x v 


Thus* 


7 

9.408 


1.013 x 10 5 
= 9.408 
9.408 


= 0.2614 m 3 /kg 


mr/min = - 
7 15.3 il + vr 


9.408 


v f 15.3 x 0.773 + 0.2614 
Fuel consumption = 0.778 x 60 = 46.68 kg/h. (Ans.) 
(«) The air velocity through the tube, C 2 (= C ) 

Density of air at the throat, 

p=— 

KT 2 

_ P\~ &Pa 
R a T 2 

_ (1.013 - 0,12) x 10 s 
287 x (15 + 273) = 

Velocity at the throat in m/s, 

^ m n 15.3 mf 


= 0.778 kg/min 


(v Pi-Pi = Ap«> 


1.08 kg/m 3 


A>Pa ^x(0,42) 2 x 1,08 
4 


15.3 x (0.778 / 60) 
— x (0.042) 2 x 1.08 


= 132.59 m/s. (Ans.) 


... , Exa J“ple 11.11. Determine the air-fuel ratio supplied at 4500 m altitude by a carburettor 
■rhich is adjusted to give an air-fuel ratio of 14 :1 at sea level where air temperature is 25°C and 
pressure 1.013 bar. 

The temperature of air decreases with altitude as given by the expression, 
t = t s -0.0064 h 

where h is the height in metres and t , is sea level temperature in °C. 

The pressure of air decreases with altitude as per relation : 

h = 19300 log w ' 1013 
where p is expressed in bar at altitude. 


j 
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Solution. 


Now 


t = t f - 0.0064 h 
- 25 - 0.0064 x 4500 = - 3.8°C 


log] 


h = 19300 log 10 

4500 = 19300 log 10 
4500 


(“) 

(T) 


( 1.0131 _ 

i~r 


1.013 


P = 


19300 

1.711 

1.013 

1.711 


= 0.2332 


= 0.592 bar 


Now, A/F ratio at altitude _ 

A / F ratio at sea level y p 8ea 

-4 


Paititude 

level 


A/F ratio at altitude 


PaltZ-R^alt 

Psea/^^sea 


sea 


— 14 jjPalt. x 

IfPseaX 

= 14 ro.592x(25 + 2 

V 1.013 x (- 3.8 + 


273) 

273) 


= 11.26. (Ans.) 


HIGHLIGHTS 

1. The process of preparing, in the S.T. engine, a combustible fuel-air mixture outside the engine cylinder is 
called carb uret ion . 

2. A carburettor is a device which atomises the fuel and mixes it with air. 

3. The air-fuel ratio for maximum power is 13 :1. 

4. The following addition devices / systems are added to the simple carburettor : 

(i) Main metering system 

(m) Idling system \ 

(Hi) Power enrichment or economiser system 

(iv) Acceleration pump system 

(v) Choke. \ . 

5. Carburettors, basically, are of the following types : 

(i) Open choke type 

Examples : Zenith, Solex, Carter and Stromberg carburettors 
(«) Constant vacuum type 
Example : S.U. carburettor. 
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OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say “Yes” or “No”: 

1. Carburettor is used for. 

2. For maximum power of S.I. engines the fuel air mixture ratio should be. 

3. Typical pressure in the induction manifold at the start of induction stroke of S.I. engine, under idling 

conditions is. 

4. Relative fuel-air ratio (F R ) for maximum power in S.I. engine may be. 

5. Relative fuel-air ratio ( F R ) for maximum thermal efficiency of S.I. engine may be. 

6. For best thermal efficiency of S.I. engine, the fuel-air mixture ratio should be. 

7. In S.I. engine the process of preparing a combustible fuel-air mixture outside the engine cylinder is 

called. 

8. The pipe that carries the prepared mixture to the engine cylinders is called the intake manifold. 

9. The A/F ratio for maximum power is not the same as the A/F ratio for maximum economy. 

10. The maximum power is obtained at about.A/F ratio. 

11. At full throttle, maximum efficiency occurs at an A / F ratio of about... 

12. In stationary engines the designed air-fuel ratio is that which gives the maximum economy. 

13. The richening of mixture increases the probability of contact between fuel and air particles and thus 

improves. 

14. In the carburettor, complete automization and vaporization of the fuel is achieved. 

15. The volatility of fuel significantly affects the starting and warm up characteristics of the engine. 

16. The term ‘acceleration’ with regard to engines, is generally used to refer to an increase in engine speed 
resulting from opening the throttle. 

17. The petrol engine is.governed. 

18. In the modem carburettors the mixture correction is done by air bleeding alone. 

19. A common method of changing the air-fuel ratio in large carburettors is the back suction control. 

20. Almost all carburettors, except S.U. carburettor, are of open choke type. 

21. The important difference between an aircraft and automobile carburettor is that the former operates at 
varying altitudes whereas the latter operates mostly at ground level conditions. 

22. Engines fitted with petrol injection system can be used in tilt position which will cause surge trouble in 
carburettors. 

23. Injection systems generate less noise. 

24. Weight and bulk of petrol injection system is more than that of a carburettor. 

25. A petrol injection system has increased volumetric efficiency. 


ANSWERS 


1. 

S.I. engine 

2 . rich 

3. 0.3 bar 

4. 1.2 

5. 0.8 

6 . 

lean 

7. carburetion 

8 . Yes 

9. Yes 

10. 12.5 

11 . 

17:1 

12 . Yes 

13. combustion 

14. No 

15. Yes 

16. 

Yes 

17. quantity 

18. Yes 

19. Yes 

20. Yes 

21 . 

Yes 

22. Yes 

23. No 

24. Yes 

25. Yes. 
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j theoretical questions 

1. What do you mean by the term ‘carburetion’ ? 

2. What is a carburettor ? 

3. Draw a typical induction system of a petrol engine. 

4. Enlist the factors which affect the process of carburetion. 

5. Why is a choke used in a carburettor ? 

7 2S brieflythe essential featares of good commercial carburettor for automotive engines 

( 1 ) 311 idlin £ engine requires a rich mixture ; 

(u) a cruising engine requires an economy mixture ; 

(iii) maximum power demands a rich mixture • 

9 T-Z',u 

A simple carburettor is inherently unsuitable tn . . 

What are the drawbacks of a simple carburettor 7 How are thev^vfrromT f e<piirements of SL “S™. 
devices ? Explain with the aid of suitable sketches wherever necessa^ mC0rp0ratm g oompensating 

10. Describe with suitable sketches the following systems of a modem carburettor • 

W Main metering system; 

(ii) Idling system; 

(wO Economiser system; 

(iv) Acceleration pump system. 

11. With the help of a neat sketch describe the construction and working of a solex carburettor 

14. Why a rich mixture is required for idling ? 

15. Why a rich mixture is required for maximum power ? 

16. What do you understand by transient mixture requirements ? 

18 WhalT It !r yl K nder engineS reqUire riCher miXtUre than sin S le cyUnder engines ? 

18. What are the basic types of carburettors ? 

19. Explain with neat sketches the following types of carburettors : 

(i) Carter carburettor 
(«) Solex carburettor 
(iii) S.U, carburettor. 

20. Device an expression for A / F ratio 
(a) neglecting compressibility; 

4 (6) taking compressibility into account. 

21* State th e special requirements of an aircraft carburettor ? 

22. What is petrol injection ? 

23. State the advantages and limitations of petrol injection. 

24. Explain briefly ‘continued’ and 'timed' injection systems 

26 Sk6tCh ' eXP ’ ain briefly any petro1 Morion system. 

. What is the difference between ‘Direct injection' and Indirect injection' ? 

2 g* r XP ““ tbe dlfTerenCC betWcen ‘continuous injection’ and ' Intermittent or pulsed injection’ 

28. Give the comparison between petrol injection and carburetted fuel supply systems 


I 
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UNSOLVED EXAMPLES 


* £ four ; c y^der four-stroke engine having diameter and length of stroke as 100 mm and 120 mm respec¬ 
tively is running at 2000 r.p.m. Its carburettor venturi has a 30 mm throat. Assuming coefficient of air 
flow 0.8, density of air 1.2 kg/m 3 and volumetric efficiency of the engine as 70 percent, determine the 
suction at the throat. [Ans. 0.0339 bar] 

2 ‘ n. rfn\ mP / le j^ carburettor “ required to supply 6 kg of air per minute and 0.45 kg of fuel of density 
740 kg/m The air is initially at 1.013 bar and 27°C. Calculate the throat diameter of the choke for a flow 
velocity of 91 m/s. Velocity coefficient = 0.8. ' 

If the pressure drop across the fuel metering orifice is 0.75 of that at the choke, calculate orifice diameter 
assuming C d = 6.6. [Ans. 35.25 Mm; 2.34 mml 

3. A 4-stroke petrol engine of Hindustan Ambassador has a capacity of 1489 c.c. It develops maximum 
power at 4200 r.p.m. The volumetric efficiency at this speed is 70 percent and the air/fuel ratio is 13 : 1. 
At peak power the theoretical airspeed at choke is 90 m/s. The coefficient of discharge for venturi is 0.85 
and that of the mam petrol jet is 0.66. An allowance should be made for the emulsion tube, the diameter 
of which can be taken as 1/2.5 of the choke diameter. The petrol surface is 6 mm below the choke at this 
engine condition The specific gravity of petrol is 0.74. Atmospheric pressure and temperature are 
1.013 bar and 20°C respectively. 

Calculate the sizes of a suitable choke and main jet. [Ans. 27.35 mm ; 1.58 mm] 

4 ' mw e fi Simpl r carburettor “ to supply 611 kg/min. of air and 0.408 kg/min of petrol, density 
768 kgfm The air is initially at 1.027 bar and 15.5"C. Calculate the throat diameter of the venturi throat 
it the speed of air is 97.5 m/s, assuming a velocity coefficient of 0.84. Assume adiabatic expansion and v 
lor air as 1.4. ffthe drop across fuel metering orifice be 0.8 of the pressure at the throat; calculate the 
oniice diameter assuming a coefficient as 0.66. [Ans. 2.05 mm] 

5 ' ^ a simple single jet carburettor consumes 6.5 kg of fueVhour. The fuel density is 700 kg/ 

m . The level of fuel in the float chamber is 3 mm below the top of the jet when the engine is not running. 
Ambient conations are 1.01325 bar and 17‘C. The jet diameter is 1.25 mm and its discharge coefficient is 
0^6. Tne discharge coefficient of air is 0.85. Air-fuel ratio is 15. Determine the critical air velocity and the 
throat diameter (effective). Express the pressure depression in cm of water. Neglect compressibility of 
** lr ’ . _ [Ans. 4.945 m/s ; 19.9 mm ; 43.99 cm] 

' 4 ‘ S , tr ° ke petro1 engine with h 0 ™ and stroke of 100 each uses volatile fuel of compo¬ 

sition C = 84%, H 2 _ 16%. The throat diameter of choke tube is 40 mm. The volumetric efficiency at 3000 
r.p.m. is 75 percent referred to 0"C and 1.01325 bar. The pressure depression is 0.116 bar and the tem¬ 
perature at throat is 16 C. If chemically correct A / F ratio is supplied for consumption, determine ; 

(*) Fuel consumption in kg / h ; 

(«) The air velocity through the tube. 

Take characteristic gas-constant R for air and fuel as 287 J/kg K and 97 J/kg K respectively. 

_ [Ans. 35.1 kg/h ; 116 m/s] 

tT Y en . turi i> f ' 3 simple carburettor has a throat diameter of 20 mm and the coefficient of air flow is 0.85. 

I he fuel onfice has a diameter of 1.25 mm and the coefficient of fuel flow is 0.66. The petrol surface is 
5 mm below the throat. Assuming density of and fuel as 1.2 kg/m 3 and 750 kg/m 3 respectively, calculate : 
(i) The A/F ratio for a pressure drop of 0.07 bar when the nozzle lip is neglected ; 

(») The A/F ratio when the nozzle lip is taken into account; 

(m) The minimum velocity of air or critical air velocity required to start the fuel flow when nozzle lip is 
prov]ided. [Ans. {i) 13 2 . 13 235 . {iU) 7 83 ^ 

* Ca “° r ™ th chamber vented t0 atmosphere is tested in a laboratory without the air cleaner, 
throat 1^^812 bar 10131 ^^ “ 15 ** atm0spheric condit i°ns of 1.008 bar. The pressure recorded at the 

This carburettor is fitted with air cleaner and once again tested. The additional pressure drop due to air 
eaner is . 4 bar with the air flow at the atmospheric conditions to remain unchanged at 260 kg/h. 
suming negligible nozzle lip, same air flow in both cases and constant coefficient of flow determine : 
u) The throat pressure with cleaner fitted ; 

(ii) The A / F ratio with cleaner fitted. [Ans. (i) 0 . 772 bar . (£;) 13 67| 
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9. A 4-stroke petrol engine which when tested at sea level conditions of 30°C and 1.01325 bar gave the A/ F 
ratio of 14. The same engine was once again tested at an altitude of 4000 m. Determine the A/F ratio at 
high altitude if the temperature varies with altitude as : 

*=* # -0.007A; 

The pressure varies as : 

h = 8350 In (1.01325/p) 

where, t $ - Temperature at sea level, °C 

h - Height, m, and 

p = Pressure, bar. [Ans. 11.05] 
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Fuel Injection Systems for C.I. Engines 


12.1. Introduction. 12.2. Functional requirements of an injection system. 12.3. Functions of a 
fuel injection system. 12.4. Fuel injection systems—Air injection—Solid or airless injection. 
12.5. ruel pump and fuel injector (Atomiser)—Fuel pump—Fuel atomizer or injector—Faults 
causes and remedies of injectors. 12.6. Types of nozzles and fuel spray patterns-Main 
requirements of an injector nozzle—Classification and description of nozzles. 12.7. Enrine 
starting systems. 12.8. Fuel injection computation in C.I. engines. Worked examples— 
Highlights—Objective Type Questions—Theoretical Questions—Unsolved Examples 


12.1. INTRODUCTION 

In C.I. engines, the air is taken in during the suction stroke and compressed to a high 
pressure (28 to 70 bar) and high temperature (520° to 720°C) according to the compres¬ 
sion ratio used (12 : 1 to 20 : 1). The high temperature of air at the end of stroke is 
sufficient to ignite the fuel. 

' F ue l is injected into the cylinder at the end of the compression stroke ; the pressure of 
fuel injected lies between 100 to 200 bar. During the process of injection the fuel is bro¬ 
ken into very fine droplets. The droplets vaporise taking the heat from the hot air and 
form a combustible mixture and start burning. As the burning starts, the vaporisation of 
fuel is accelerated as more heat is available. As the combustion progresses, the amount 
of oxygen available for burning reduces and therefore heat release is reduced. 

The period between the start of injection and start of ignition, called the ignition delay , 
is about 0.001 second for high speed engines and 0.002 second for low speed engines. The 
injection period covers about 25° of crank rotation. After the ignition the temperature 
and pressure rise rapidly. The whole performance of engine is totally dependent on the 
delay period; the lesser the delay period better is the engine performance . 

12.2. FUNCTIONAL REQUIREMENTS OF AN INJECTION SYSTEM 

The functional requirements of an injection system are listed below : 

1 . Introduction of the fuel into the combustion chamber should take place within a precisely 
defined period of the cycle. 

2. The metering of the amount of fuel injected per cycle should done very accurately. 

3. The quantities of fuel metered should vary to meet the changing load and speed require¬ 
ments. 

4. The injection rate should be such that it results in the desired heat release pattern. 

5. The injected fuel must be broken into very fine droplets. 

6. The pattern of spray should be such as to ensure rapid mixing of fuel and air. 

7. The beginning and end of the injection should be sharp. 

8. The timing of injection, if desired, should change as per the requirements of load and 
speed. 
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9. The distribution of the metered fuel, in the case of multi-cylinder engines, should be uni¬ 
form among various cylinders. 

10. Besides above requirements, the weight and the size of the fuel injection system must be 
minimum. It should be cheaper to manufacture and least expensive to attend to; adjust or 
repair. 

For accomplishing these requirements the following functional elements are required in a 
fuel injection system : 

1. Pumping elements . To move the fuel from the fuel tank to cylinder and piping etc. 

2. Metering elements. To measure and supply the fuel at the rate demanded by the load ana 
speed. 

3. Metering controls. To adjust the rate of metering elements for changes in load and speed 
of the engine. 

4. Distributing elements. To divide the metered fuel equally among the cylinders. 

5. Timing controls. To adjust the start and the stop of injection. 

6. Mixing elements. To atomise and distribute the fuel within the combustion chamber. 

12.3. FUNCTIONS OF A FUEL INJECTION SYSTEM 

The main functions of a fuel injection system are: 

1. Filter the fuel. 

2. Metre or measure the correct quantity of fuel to be injected. 

3. Time the fuel injection. 

4. Control the rate of fuel injection. 

5. Automise or break up the fuel to fine particles. 

6 . Properly distribute the fuel in the combustion chamber. 

• The injection systems are manufactured with great accuracy , especially the parts that 
actually meter and inject the fuel. Some of the tolerances between the moving parts are 
very small of the order of 1 micron. Such closely fitting parts require special attention 
during manufacture and hence the injection systems are costly. 

12.4. FUEL INJECTION SYSTEMS 

In compression ignition engines (diesel and semi-diesel) two methods of fuel injection are 
used. These are : 

1. Air injection 

2. Solid or airless injection. 

12.4.1. Air Injection 

In this method of fuel injection air is compressed in the compressor to a very high pressure 
(much higher than developed in the engine cylinder at the end of the compression stroke) and then 
injected through the fuel nozzle into the engine cylinder. The rate of fuel admission can be controlled 
by varying the pressure of injection air. Storage air bottles which are kept charged by an air compres¬ 
sor (driven by the engine) supply the high pressure air. 

Advantages : 

(i) It provides better automisation and distribution of fuel. 

( ii ) As the combustion is more complete, the b.m.e.p. is higher than with other types of injec¬ 
tion systems. 

(iii) Inferior fuels can be used. 
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Disadvantages: 

This method is not-used now-a-days due to the following reasons /disadvantages : 

(0 It requires a high pressure multi-stage compression. The large number of parts, the 
intercooler etc. make the system complicated and expensive. 

(ii) A separate mechanical linkage is required to time the operation of fuel valve. 

(iii) Due to the compression and the linkage the bulk of the engine increases. This also results 
in reduced B.P. due to power loss in operating the compression and linkage. 

(ii>) The fuel in the combustion chamber burns very near to injection nozzle which many times 
leads to overheating and burning of valve and its seat. 

(u) The fuel valve sealing requires considerable skill. 

(vi) In case of sticking of fuel valve the system becomes quite dangerous due to the presence of 
high pressure air. 

12.4.2. Solid or Airless Injection 

Injection of fuel directly into the combustion chamber without primary automisation is termed 
as solid injection. It is also termed as mechanical injection. 

Main Components: 

The main component of a fuel injection system are : 

( i ) Fuel tank ; 

(ii) Fuel feedpump to supply the fuel from the main fuel tank to the injection pump ; 

(iii) Fuel filters to prevent dust and abrasive particles from entering the pump and injectors ; 

(iv) Injection pump to meter and pressurise the fuel for injection ; 

(o) Governor to ensure that the amount of fuel is in accordance with variation in load ; and 
(vi) Fuel pipings and injectors to take the fuel from the pump and distribute it in the combus¬ 
tion chamber by atomising it in fine droplets. 

Main types of modern fuel injection systems : 

1. Common-rail injection system. 

2. Individual pump injection system. 

3. Distributor system. 

Atomisation of fuel oil has been secured by (i) air blast and (ii) pressure spray. Early diesel 
engines used air fuel injection at about 70 bar. This is sufficient not only to inject the oil, but also to 
atomise it for a rapid and thorough combustion. The expense of providing an air compressor and 
tank lead to the development of u solid n injection, using a liquid pressure of between 100 and 200 bar 
which is sufficiently high to atomise the oil it forces through spray nozzles. Great advances have 
been/made in the field of solid injection of the fuel through research and progress in fuel pump, spray 
nozzles, and combustion chamber design. 

1. Common-rail injection system : 

| Two types of common-rail injection systems are shown in Fig. 12.1 and 12.2 respectively. 

1 # Refer Fi S* 12 - 1 - A sin £ le pump supplies high-pressure fuel to header, a relief valve holds 

\ pressure constant. The control wedge adjusts the lift of mechanical operated valve to set 
\ amount and time of injection. 

\ • Refer Fig. 12.2. Controlled-pressure system has pump which maintains set head pres- 
\ sure. Pressure relief and timing valves regulate injection time and amount. Spring loaded 
I spray valve acts merely as a check. 
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Advantages: 

(i) The system arrangement is simple and less maintenance cost 

(u) Only one pump is sufficient for multi-cylinder engine ! 

“• ■“* -p~i«■ 

(iv) Variation in pump supply pressure will affect the cylinders uniformly. 

Disadvantages: 

(i) There is a tendency to develop leaks in the injection valve 
(u) Very accurate design and workmanship are required. 

2. Individual pump injection system : 

fafh r fuef no2ri e In ^D^* ai V ndividu ® 1 P um P or P um P cylinder connects directly to 
delivery valve injeCti °“ contain a 



Fig. 12.3. Individual pump injection system. 

* Seclt^rtS^is^oSo oAr 84 *TT""* and PreCiSe 38 the V ° lume of fuel 

pricrino a- i y y *0,000 of the engine displacement at full load and 1/100 000 of the 

engine displacement during idling. The time allowed for injecting such a small quantity 

through 20" y c!™k e anS) OU 4 1/45 ° SeC ° nd 3t 1500 r p m - ° f the pr0vidin e i^tion 

S angle). The pressure requirements vary from 100 to 300 bar. 
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3. Distributor system : 

Refer Fig. 12.4. In this system, the fuel is metered at a central point; a pump pressurises, 
meters the fuel and times the injection. From here, the fuel is distributed to cylinders in correct 
firing order by cam operated poppet valves which open to admit fuel to the nozzles. 


Nozzles 



Primary pump 


Fig. 12.4. Distributor system. 

12.5. FUEL PUMP AND FUEL INJECTOR (ATOMISER) 

12.5.1. Fuel Pump 

A large number of igneous fuel pump designs have been developed by the manufacturers. 

Only one type fuel pump will be discussed here. 

Bosch fuel injection pump : Refer Fig. 12.5. 

• L is the plunger which is driven by a cam and tappet mechanism at the bottom (not 
shown), B is the barrel in which the plunger reciprocates. There is a rectangular verti¬ 
cal groove in the plunger which extends from top to another helical groove. V is the 
delivery valve which lifts off its seat under the liquid fuel pressure and the spring 
force(s). The fuel pump is connected to fuel atomiser through the passage P. SP and Y are 
the spill and supply ports respectively. 
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V 



Fig. 12.5. Fuel pump. 

• When the plunger is at its bottom stroke the ports SP and Y are uncovered (as shown in 
Fig. 12,5) oil from low pressure pump (not shown) after being filtered is forced into the 
barrel. When the plunger moves up due to cam and tappet mechanism, a stage reaches 
when both the ports SP ind Y are closed and with the further upward movement of the 
plunger the fuel gets compressed. The high pressure thus developed lifts the delivery 
valve off its seats and fuel flows to atomiser through the passage P. With further rise of 
the plunger, at a certain moment, the port SP is connected to the fuel in the upper part 
of the plunger through the rectangular vertical groove by the helical groove, as a result 
of which a sudden drop in pressure occurs and the delivery valve falls back and occupies 
its seat against the spring force. The plunger is rotated by the rack A! which is moved in 
or out by the governor. By changing the angular position of the helical groove (by rotating 


Visit: www.Civildatas.com 

















































































































Visit: www.Civildatas.com 


422 


INTERNAL COMBUSTION ENGINES 

the plunger) of the plunger relative to the supply port, the length of stroke during which 
the oil is delivered can be varied and thereby quantity of fuel delivered to the engine is 
also varied accordingly. 

The positions of the plunger and helical groove at the starting and end of the deliv- 4 

ery stroke when the engine is running at full load is shown in Fig. 12.6 (a). 

The positions of the plungeran^Jiehrat grooveliflhe starting and end of the deliv¬ 
ery stroke when the engin^isrunning at part load is shown in Fig. 12.6 (b). In this 
case, the delivery takes place for a shorter period. 

— When the engine is to be stopped, the plunger is rotated to the position as shown in 
Fig. 12.6 (c). At this position, the rectangular slot is in line with the spill port and 
there is no possibility of pressure build-up above the plunger as the upper part of 
the plunger always remains in connection with the spill port. Therefore there is no 
delivery of the fuel. 



Fig. 12.6 

The amount of fuel supplied by the pump under different loads is shown in Fig. 12.7. 
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Fig. 12.7. Principle of helix bypass pump. 

12.5.2. Fuel Atomiser or Injector : Refer Fig. 12.8. 

. It consists of a nozzle valve (MO fitted in the nozzle body (AS). The nozzle valve is held 
its seat by a.spring 5 which exerts pressure through the spindle E. ' AS ’ is the adjust 

I,* 11 " n ° ZZle Uft ^ ^ a4iUSted ' USUa1 ^ ^ valve i^et to 

tiiSiSS or a L p r ure - is the feeiing pin wwch iodicates wheth -—*• 

' and" Jit" T 3 ^ 011 ? 116 fUe ‘ PUmP 6nterS the ^ ector the passages 5 

and C and lifts the nozzle valve. The fuel travels down nozzle N and injected into the 

engine cylinder m the form of fine spray. Then the pressure of the oil falls, the nozzle 
ve occupies its seat under the spring force and fuel supply is cut off. Any leakage of 
fuel accumulated above the valve is led to the fuel tank through the passage A The 
leakage occurs when the nozzle valve is worn out 


! 
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12.5.3. Faults, causes and remedies of injectors : 


S. No. 

Faults 

Cause 

Remedy 

1. 

Pressure too high 

(а) Spring rate too high. 

(б) Needle valve seized in almost 
closed position due to dirt etc. 

(c) Carbon blocking injector holes. 

(а) Adjust if possible or replace spring 
with one having lower spring rate, 
or vary the number of shims. 

(б) Soak in fuel oil. Then try to remove 
needle valve. If necessary replace 
with new needle valve and nozzle. 

(c) Clean with pricker or proke. Re¬ 
verse flush using syringe and par¬ 
affin. 

2 . 

Pressure too low 

(а) Spring rate too low. 

(б) Spring broken 

(c) Needle valve seized in position. 

(а) Adjust if possible or replace spring 
with one having a higher spring 
rate. 

(б) Replace with correct type. 

(c) Soak in fuel oil then try to remove 
the valve. If necessary replace with 
new needle nozzle. 

3. 

Spray distorted 

(a) Damaged needle 

(o) Replace. 



(6) Nozzle or holes carboned 
altering shape of orifice. 

( b ) Clean using pricker or proke. 
Reverse flush using syringe and 
paraffin. 

4. 

Dribble from injector 
holes excessive 

Valve not seating correctly 
due to 

(a) Dirt or carbon between needle 
seat and nozzle. 

(£>) Scoring or pitting on needle 
seat or nozzle seat: 

(c) Needle corroded, or binding 
nozzle due probably to faulty 
spindle or misalignment of 
nozzle and nozzle holder. 

(o) Clean with paraffin ; do not wipe 
with flufly cloth, but assemble wet 
from clean fuel. Hard carbon may 
be removed by using a solution of 
60 grams caustic soda in 0.6 litres 
of water and add 15 grams of de¬ 
tergent. Boil for 1 to hours. 

(6) If possible lap needle and nozzle 
seat together. 

(c) Replace as necessary. 

5. 

Excessive leakage off 

(а) Too much clearance between 
valve and hole in nozzle. 

(б) Nozzle cap loose. 

(c) Injector body and nozzle separ¬ 
ated by dirt or bums caused 
by lack of care in handling. 

(а) Fit new nozzle and valve. 

(б) Tighten. 

(c) Remove nozzle and examine pres¬ 
sure faces. Remove dirt or burns. 

Do not overtighten cap nut as a 
cure. 
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12.6. TYPES OF NOZZLES AND FUEL SPRAYPATTERNS 

12.6.1. Main Requirements of an imector nozzle 

The main requirements of an injeciatnozzle are: 

i. To inject fuel at a sufficiently high pressure so that the fuel enters the cylinder with a 
igh velocity. Higher the velocity of the fuel smaller will be the droplet size. The momentum 
of smaller droplets is less, hence, penetration is also. 

2 Starting 110 * 1 Sh ° Uld UOt be high S ° as to im P in S e on cylinder walls ; this may result in poor 

3. Fuel supply and cut-off should be rapid ; there should be no dribbling. 

12.6.2. Classification and Description of Nozzles 

nr r»r The K typa of n ° zzl e used is greatly dependent on the type of combustion chamber as open type 

for^TeTn^W tt" n0ZZ,es are da " - Per the type of orifice and its number used 

tor injecting the fuel in the combustion chamber. 

The nozzle are classified as : ) 

1. Single hole nozzle. 

2. Multi-hole nozzle 

3. Circumferential nozzle 

4. Pintle nozzle 

6 . Pintaux nozzle. 

1. Single hole nozzle. Refer Fig. 12.9. 

• This is the simplest type of nozzle and is used in open com¬ 
bustion chambers. 

• It consists of a single hole bored centrally through the noz¬ 
zle body and closed by the needle valve. The size of the hole 
is usually larger than 0.2 mm. 

• Its spray cone angle varies from 5 to 15°. In some cases, a 
core is given a series of spiral grooves in order to impart a 
rotational motion to the fuel for bettering with air. 

Advantages: 

Simple in construction and operation. Fig. 12.9. Single hole nozzle. 

Disadvantages: 

M Very high injection pressure is required because whole of the fuel passes through a single 
hole and, also, because the relative fuel velocity required is high. 

(“) This type of nozzle has a tendency to dribble. 

(m) As the spray angle is very narrow (usually about 15°), this does 
not facilitate good mixing unless higher air velocities are pro¬ 
vided. \ . 

2. Multi-hole nozzle. Refer Fig. 12.10. 

• This type of nozzle finds extensive use in automobile engines, 
particularly having open combustion chambers. 

It mixes the fuel with air properly even with slow air move¬ 
ment available with open combustion chambers. 

• The number of holes varies from 4 to 18 ; the greater number 

provides better fuel distribution. The hole diameter lies between Fig. 12.10. Multi-hole 
0.25 to 0.35 mm and hole angle lies between 20° to 45°. nozzle. 
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• Usually the holes are drilled symmetrically but many times they 
meet certain specific requirements of the combustion chamber. 
Advantages: 

(i) Gives good automisation. 


are non-symmetrical to 


(u) Distributes fuel properly even with lower air motion avail¬ 
able in open combustion chambers. 

Disadvantages : 

(i) Holes are small and liable to clogging. 

(ii) Dribbling between injections. 

dii) Very high injection pressures {180 bar and above). 

(iv) Close tolerance in manufacture (due to small holes) and 
hence costly). 

3. Circumferential nozzle. Refer Fig. 12.11. 

• Its spray characteristics are similar to a plate type open¬ 
ing. 

• The injected fuel particles tend to be projected in the form 
of plane, with wide angle cone ; the purpose of which is to 
obtain as large an area of fuel spray as possible to come 
into contact with the air in the combustion chamber. 

4. Pintle nozzle : 


Fuel in 



Fig. 12.11. Circumferen¬ 
tial orifice. 


Fig. 12.12 shows a Pintle nozzle. 

• The stem of the nozzle valve is extended to form a pin or 
pintle which protrudes through the mouth of the nozzle 
body. It may be either cylindrical or conical in shape. 

— The size and shape of the pintle can be varied ac¬ 
cording to requirement. The spray core angle is gen- 
erally 60°. es 

• When the valve lifts, the pintle partially blocks the ori¬ 
fice and thus does not allow the pressure drop to be 
greater. As the lift of the valve increases the entire ori¬ 
fice is uncovered and full area for flow is available. Thus 
dribbling is avoided. 

— The spray obtained by the pintle nozzle is hollow coni - 
cal spray. 


Nozzle 



Fig. 12.12. Pintle nozzle. 


Advantages: 

K) It is self cleaning Jype and prevents the carbon deposition on the nozzle hole. 
(u) It avoids weak injection and dribbling. 

(iii) It results in good atomisation. 

(iy) Its injection characteristics are more near the required one. 

Disadvantage: 


5. Pintaux nozzle: 

• In case the fuel is injected in a direction upstream the direction of air, the delay Deriod 
reduced due to mcreased heat transfer between air and fuel. This results Sod coW 


I 
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starting performance. However, if whole of the fuel is injected in this manner the effi¬ 
ciency of combustion is greatly reduced by flow of products of combustion back into the 
injection path. Thus in order to improve cold starting performance without any detri¬ 
mental effect on efficiency a pintaux nozzle as shown in Fig. 12.13. is used. 




0 200 400 600 800 1000 1200 

Pump r.p.m.-> 

(b) 


Fig. 12.13* Pintaux nozzle. 

• A pintaux nozzle is a type of pintle nozzle which has an auxiliary hole drilled in the 
nozzle body. Itinjects a small amount of fuel through this additional hole (pilot injection) 
in the upstream slightly before the main injection. The needle valve does not lift fully at 
low speeds and most of the fuel is injected through the auxiliary hole, giving good cold 
starting performance. 

Disadvantages f Drawbacks: 

(i) The tendency of the auxiliary hole to choke. 

{ii) The injections characteristics are even poorer than multi-hole nozzle. 

Injection rate characteristics: 

• In order to avoid knocking in the engine it is always desirable to supply less quantity of 
fuel. 

• The characteristics of multi-hole, pintle and pintaux nozzles are shown respectively in 
Fig. 12.14 (£), (ii), (iii). 

— It is obvious from the figure the pintle nozzle gives desired characteristics as 
(dm^ldS) which is smaller at the beginning compared with multi-hole nozzle. The 
characteristics of pintaux nozzle is totally different because of fuel supply through 
auxiliary and main orifices. 


Visit: www.Civildatas.com 


FUEL INJECTION SYSTEMS FOR C.I. ENGINES 


429 



(j) Multi-hole nozzle 


(ii) Pintle nozzle 


(iii) Pintaux nozzle 




Fuel spray pattern : 

• For better and quick evaporation of fuel which is essential for better burning of fuel, the 
fuel pattern and relative direction of fuel particles with air are of significant importance. 

• To give an idea, how the patterns help for better evaporation, two patterns are shown in 
Fig. 12.15. 



Fuel seeks air Air seeks fuel 

(i) Open combustion chamber (ii) Pre-combustion chamber 

Fig. 12.15. Air and fuel movement for two types of combustion chambers. 


12.7. ENGINE STARTING SYSTEMS 

The following three are the commonly used starting systems in large and medium size en¬ 
gines : 

1. Starting by an auxiliary engine 

2. Use of electric motors or self starters 

3. Compressed air system. 

1. Starting by an auxiliary engine (generally petrol driven) : 

In this system an auxiliary engine is mounted closed to the main engine and drives the latter 
through a clutch and gears. The clutch is first disengaged and the auxiliary engine started by hand 
or by a self starter motor. When it has warmed up and runs normally the drive gear is engaged 
through the clutch, and the main engine is cranked for starting. To avoid the danger of damage to 
drive gear it is desirable to have an over-running clutch or starter type drive. 

2. Use of electric motors or self starters : 

These are employed for small diesel and gasoline engines. A storage battery of 12 to 36 volts 
is used to supply power to an electric motor which is geared to the flywheel with arrangement for 
automatic disengagement after the engine has started. The motor draws a heavy current and is 
designed to be engaged continuously for about 30 seconds only, after which it is required to cool off, 
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for a minute or so, and then re-engaged. This is done till the engirtestarts up. When the engine is 
running a small d.c. generator on the engine serves to charge^he battery. 

3. Compressted air system : 

The compressed air system is commonly u^d for starting large diesel engines employed for 
stationary power pltmt service. Compressed air*t about 17 bar supplied from an air tank or bottle is 
admitted to a few of the engine cylinders making them work like reciprocating air motors to run the 
engine shaft. Fuel is admitted to the remaining cylinders and ignites in the normal way causing the 
engine to start. The air bottle or tank is charged by a motor or gasoline engine driven compressor. 
The system includes the following : _,, 

(i) Storage tank/ve^sel 

(it) A safety valve 
( Hi ) Interconnecting pipe work. 

• Small stationary engines of about 10 kW capacity are started by hand cranking. 

12.8. FUEL INJECTION COMPUTATION IN C.I. ENGINES 

• Refer Fig. 12.16. The fuel injector should develop a pressure which is higher than the 
highest pressure desired to be obtained in the engine and also additional pressure differ¬ 
ential is available to impart high velocity head and adequate atomisation. There is an 
optimum value of the fuel particle size and velocity, so that the momentum is maximum 
and hence depth of penetration of spray through already compressed air in the cylinder 
is large. Excessive atomisation is not very conducive to proper mixture formation. 


Fuel injector 



Fig. 12.16 

Let p l sa Injection pressure, 

V l = Velocity at section 1-1, 

p 2 = Pressure in the cylinder when injection of fuel takes place, 
V 2 = Velocity at section 2-2, 
p f = Density of fuel, and 

v f — Specific volume of fuel (assumed in compressible). 


Then, 


2 


+ Pi u f=-jT + P2 v f 


...( 12 . 1 ) 
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Neglecting V v being very small compared to V 2 , we have 
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V 2= V^y~(pi ~P2> 




...( 12 . 2 ) 

...(12.3) 


or 


j2 (p l - p 2 ) 

■ Pf 

lf ^ = JSS3T V d Gl0City ^ injeCti0D (thG V6lOCity ° f fUd f ° r g °° d atomisation is of fc he order of 


400 m/s), and 
C f = Flow coefficient of orifice, 


f~ c f\ 


2 (Pi-/> 2 ) 


Th6n ' r —- " ...(12.4) 

The volume of the fuel injected per second Q f is given by ; 

forgone orifice" 0rifkeS * fUe ' jet * time ° fin j ection * numb ^ of injections per second 


or 


n , 2 , 1 ,, e 601 

— ctf xrio x V f x -x — 

4^ f 360 N J 


.Hi 

60 


...(12.5) 


Q f - ~ 

where, d 0 = Diameter of fuel orifice, m 2 , 
n 0 = Number of orifices, 

V f = Velocity of flow of fuel through orifice, 

0 = Duration of the injection in degrees of crank angle, 

N = r.p.m., and 

= Number of injection per min. 

r. p, m. 

2 for 4-stroke cycle engine 

rpi , *#»».. . ... for 2-stroke cycle engine 

The rate of fuel injection is usually expressed in mm 3 / degree crank angle/litre cylinder vol 
ume to avoid the effect of engine size. cyunaer vol- 

• Since the injection pressures employed are very high (to the tune of 100 to 150 bar) the 
assumption of incompressibility of fuel may lead to errors. In order to account for 
compressibility, a factor called •‘Coefficient of Compressibility" is introduced. 
Coefficient of compressibility, 

q = fcV(sump) 

^/’(siimp) (Pl Paump) ...(12.6) 

For pressures expressed in bar, accepted valve for C c ~ 80 x 10" 8 per bar 
Work of fuel compression per kg, 


">■2 Psump^ X fylsump) “ ty,] 
Work of delivering fuel, 

W d ~ (P\ -p 2 ) x volume of fuel injected 
Then, fuel pump work per kg, 


...(12.7) 

...( 12 . 8 ) 

...(12.9) 
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WORKED EXAMPLES 


Example 12.1. A six-cylinder , four-stroke diesel engine develops 125 kW at 3000 r.p.m. Its 
brake specific fuel consumption is 200 g/kWh. Calculate the quantity of fuel to be injected per cycle 
per cylinder . Specific gravity of the fuel may be taken as 0.85. 

Solution. Given : n = 6 ; B.P. = 125 kW ; N = 3000 r.p.m.; b.s.f.c. = 2.00 g/kWh ; 

Sp. gr. of fuel = 0.85. 

Fuel consumption per hour = b.s.f.c. x B.P. 

2 °°-X 125 = 25 kg 


Fuel consumption per cylinder = 
Fuel consumption per cycle 


25 


= 4.167 kg/h 


1000 
25 _ 
n 6 

_ Fuel consumpti on per cylinder per min. 

No. of cycles per min. 


(4.167/60) 


= 4.63 x 10 -5 kg = 0.0463 g 


(3000 / 2) 

Volume of fuel injected per cycle 

_ Fuel consumption per cycle 
Specific gravity of fuel 


0.0463 

0.85 


0.05447 c.c. (Ans.) 


Example 12.2. A 6-cylinder 4-stroke C.I. engine develops 220 kW at 1500 r.pm. with brake 
specific fuel consumption of 0.273 kg! kWh. Determine the size of the single hole injector nozzle if the 
injection pressure is 160 bar and the pressure in the combustion chamber is 40 bar. The period of 
injection is 30 0 of crank angle. Specific gravity of fuel = 0.85 and orifice discharge coefficient - 0.9. 

Solution. Given : n = n Q = 6 ; N = 1500 r.p.m.; B.P. = 220 kW, b.s.f.c. = 0.273 kg/kWh 

0 = 30°, Sp. gr. of oil = 0.85, C f =0.9, Ap = p x -p 2 = 160 - 40 = 120 bar. 

Diameter of the nozzle orifice, d 0 : 

We know that, actual fuel velocity of injection, 


v r c f 


2(pj — P2 ) . 

P f 


...(Eqn. 12.4) 


= 0.9 x Jp 

V C0J 


x120 x10 5 


.85 x 1000) 


= 151.23 m/s 


Volume of fuel injected per second, 
Q,= - 


0.273x220 


f (0.85 x 1000) x 3600 
Also, volume of fuel injected per second, 


r* , 2 

~ d { f x n 0 

xV f x 

0 60' 

L4 u 


.360 X N_ 


= 1.963 x 10“ 5 m 3 /s 


60 


..(Eqn. (12.5) 


(where N i - No. of injection/min. = = 750) 
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1.963 x 10- 5 = 


433 


-do 2 x6lx 151.23x1— x-^_lx— =29.694 (C 2 
4^ J [360 1500 J 60 ^ 


«>o = 


1.963 x 1<T 


= 8.13 x 10 4 m or 0.813 mm. (Ans.) 


29.694 

Example 12.3. Fuel injection in a single cylinder, 4-stroke cycle C.I. engine running at 650 r.p. m. 
takes place through a single orifice nozzle and occupies 28 0 of crank travel. Thh fuel consumption of 
the engine is 2.2 kg /hour and the fuel used has a specific gravity of0.875. If injection pressure is 150 
bar and the combustion chamber pressure is 32 bar estimate the volume of fuel injected per cycle and 
the diameter of the orifice'. Take coefficient of discharge of orifice = 0.88. 

Solution. Given : n = 1, N = 650 r.p.m. ; 0 = 28° of crank travel; 

Fuel consumption = 2.2 kg/h ; Sp. gr. = 0.875 ; 

Ap ~p i ~p 2 = 150 - 32 = 118 bar ; C d = 0.88 

Volume of fuel injected per cycle : 


Fuel to be injected per cycle =. 


' Volume of fuel injected per cycle ■ 


Fuel consumption per cylinder 
No. of cycles per min. 


(2.2/60) 


= 1.12$ x 10 -4 kg 


(650/2) 

Mass of fuel injected per cycle 
Density of fuel(p^) 


1.128 x 10’ 


= 1.289 x 10" 


0.875 x 1000 
= 0.1289 cm 3 . (Ans.) 


Diameter of the orifice, d Q : 

Time for fuel injection per cycle = [ —— x — 
* 1360 N 


— x —= 0.00718s 
360 650 


Mass of fuel injected per second, 


Fuel injected per cycle _ 1.128 x 10 


1 Time for fuel injection 
Actual velocity of per cycle injection, 


0.00718 


= 0.0157 kg/s 


0 . 88 ft *™* 

\ (0.87t> x 1 


10 5 

1000) 


= 144.5 m/s 


Now, 


m f = A A x V f x | 


0.0157 = 


0.0157x4 




x 144.5 x (0.875 x 1000) 


n x 144.5 x (0.875 x 1000) 


: 3.976 x 10~ 4 m - 0.4 mm. (Ans.) 
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Example 12.4. A four-stroke engine using 0.272 kglkWh fuel of 32° API develops 15 kWper 
cylinder at 2000 r.p.m. The fuel injection pressure is 120 bar and the combustion chamberpressurcls- 


30 bar. If the duration of injection is 30 0 of crank travel and velocity coefficient is 0.9 determine the 
diameter of the fuel orifice. 


Table Sp. gr. ~ - 


141.5 


(Madras University) 


^ 131.5 + ° API' 

Solution. Given : s.f.c. = 0.272 kg/kWh, Power developed = 15 kW ; 

A P = Pi ~P 2 = 120 - 30 = 90 bar; Duration of injection = 30° of crank angle ; C. = 0.9 
Diameter of the orifice, d 0 : ' 

0 141.5 

Sp. g = 0.8654 


Fuel consumption/cycle = 


131.5 + 32 
s.f.c. x kW 
cycle / hour 
0.272 x 15 


( 2000 ^ 


= 6.8 x 10' 5 kg 


x 60 


60, 


Duration of injection = ^ = |£x ^ = 0.0025s 

6.8 xlO 5 „„„ 

"V= ^MT =0 - 0272kg/s 

Actual fuel velocity of injection, 


Now, 




m f = A f x V f x { 

* T 2 x 


= 0.9x J-22L 
\ (0.861 


90 x 10 5 


(0.8654 x 1000) 


: 129.8 m/s 


0.0272 = 7 <4 2 x 129.8 x (0.8654 x 1000) 
4 


0.0272 x 4 


n x 129.8 x (0.8654 x 1000) 


= 5.55 x 10~ 4 m 


= 5.55 x 10 4 m or 0.555 mm. (Ans.) 

Example 12.5. A 4-stroke cycle C.I. engine develops 11 kW per cylinder while running at 1800 
r.p.m and using fuel oil of32 Q API. Fuel injection occupies 32 0 of crank travel and takes place through 
a fuel injection orifice 0.47 mm diameter with flwo coefficient of 0.9. Fuel is injected at a pressure of 
118.2 bar into combustion chamber where the pressure is 31.38 bar. 

Estimate the^quantity of fuel injected in kg/kWh. Specific gravity of fuel oil is given by : 

141.5 

131.5 + ° APT 

Solution. Given : Power developed = 11 kW ; N = 1800 r.p.m., 8 = 32° of crank travel • 
d Q - 0.47 mm ; C f = 0.9 ; Ap = p x -p 2 = 118.2 - 31.38 = 86.82 bar 

141.5 141.5 


Sp. gr. = 


131.5 + ° API 131.5 + 32 


= 0.8654 
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Now, 


m f =A 0 xV f xp f 


V (0.8654 x 1000) 


- I .TO ill/S 


ft , 2 TV 

= -rfo xv f xp f 
n ( 0.47 f 

“ 4 * (lOOO J * 127 48 X (0 ' 8654 x 1000) = 0-01914 kg/s 


Time for fuel injection per cycle = 0 x - 8 ^ 


32 60 

360 " N ~ 360 X 1800 = 2 963 X 1<Hs 
Mass of fuel injected per cycle = 0.01914 x 2.963 x 10-3 = 5 671 x 10 -5kg/ cyc ] e 

Total number of cycles per hour = -^0° x 60 = 54000 

Fuel consumption in kg/kWh 

= 5.671 X 10-3 X 54000 x T. = 0.278 kg/kWh. (Ans) 

Assume the following: 

pressurfTffZr] T^ff^tiff^ = 06 « Aspheric 

injection period. Pressure difference ls the average pressure difference over the 

Solution. Given : n = 8 ; Power output = 386.4 kW, N = 800 r p m (Madr8S Umversit y) 
Fuel consumption = 0.25 kg / kWh, 0 = 12° crank angle ; Sp. gr. = 0.85 ; 

c f= 0-6 ;p atm . = 1.013 bar. 

Orifice area reqd. per injection, \: 

kW per cylinder = = 48.3 

Fuel consumption per cylinder = 48.3 x 0.25 = 12.075 kg / h or 0.2012 kg/ min. 

0.2012 _ 

— -n-4 ■ 


Fuel to be injected per cycle 


(800/2) 


= 5.03 x 10“ 4 kg 


Time for fuel injection per cycle = f-JL x 221 - 12 * 60 _ n nn9f - 

1860 JVJ'360 800 “ 0 0025 ' 

Mass of fuel injected per second, 

5.03 x 10“ 




- 

t, 0.0025 

Pressure difference at beginning = 207 - 32 = 175 bar 

Pressure difference at end = 595 - 55 = 540 bar 

175+540 


0.2012 kg/s 


Average pressure difference 


■ = 357.5 bar 


! 


t 

i 

i 


I 

! 
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Now, 


= A 0 x V f x p f 


n X-Pf - A 0 xCf ^2Ap.pf 



i x (357.5 x 10 5 ) x (0.85 x 1000) 

= 147915.5 Aq 

A 0 = 1.36 x 10 -6 m 2 or 0.0136 cm 2 . (Ans.) 

Example 12.7. A six-cylinder, four-stroke oil engine operates on A/Fratio = 20. The diameter 
and stroke of the cylinder are 100 mm and 140 mm respectively . The volumetric efficiency is 80 per¬ 
cent The condition of air at the beginning of compression are 1 bar, 27° C. 

(i) Determine the maximum amount of fuel that can be injected in each cylinder per second. 

(ii) If the speed of the engine is 1500 r.p.m., injection pressure is 150 bar, air pressure during 
fuel injection is 40 bar and fuel injection is carried out for 20° crank angle, determine the 
diameter of the fuel orifice assuming only one orifice is used. 

Take, p^. = 860 kg/m 3 ; Cf = 0.67. (Roorkee University) 

C 1 «« M /'"'f . __ /** A / 1 ♦ 1 ^ A ' — - 


TW = 80% >Pa = 1 bar » T a = 27 + 273 = 300 K, N = 1500 r.p.m. ; 6 = 20 ° 
crank angle ; p f = 960 kg/m 3 ; C f = 0.67, A p = 150 - 40 = 110 bar. 

\i) Amount of fuel injected into each cylinder per cycle : 

Volume of air supplied per cylinder per cycle 

= Stroke volume x rj vol 

= xfxri vol x(0.U 2 x0.14x0.8 = 8 . 8 xl(T 4 m 3 


Mass of this air at suction conditions, 


lxlO 5 ( 8.8 x IQ" 4 ) 


RT n 


287 x 300 


= 1.022 x 10~ 3 kg/cycle 


A/F ratio = -~ 3 - =*— 


20 

1 


m 1.022 xir 3 


"a _ 

20 


20 


= 5.11 x 10 5 kg/cycle 


Time taken for fuel injection per cycle 

= f_e_ x 60 V 

1,360 NJ 

Amount/mass of fuel injected into each cylinder per second , 

5.11x10 e 


20 60 

x 777^7 = 0 00222 s 
360 1500 


mf = • 


0.00222 

(ii) Diameter of the fuel orifice, d 0 : 

The mass of fuel injected into each cylinder per second, 


= 0.023 kg / s. (Ans.) 


rhf =A 0 x V f x p f 

0.023= -do 2 xC, / 
4 ' V 


<Pf 
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= ~do 2 xC^Apx p f 

= ^do 2 x0.67 ^2x110 x 10 5 x 960 = 7238111 d 0 2 

or d Q = 5.637 x 10 ~ 4 m or 0.5637 mm. (Ans.) 

Example 12 . 8 . In a diesel fuel injection pump, the volume of fuel in the pump barrel before 
commencement of the effective stroke is 7 c.c. The diameter of the fuel line from pump to injector is 
3 mm and is 700 mm long. The fuel in the injection valve is 2 c.c. \ 

(i) To deliver 0.10 c.c. of fuel at a pressure of 150 bar, how much displacement the plunger 
undergoes, ? Assume a pump inlet pressure of 1 bar 
(ii) What is the effective stroke of the plunger if its diameter is 7 mm. 

Assume coefficient of compressibility of oil as 78.8 x 10~ 6 per bar at atmospheric pressure. 

Solution. Given : The volume of fuel in the pump barrel before commencement of the effec¬ 
tive stroke = 7 c.c. 

The diameter and length of the fuel line from pump to injector = 3 mm, 700 mm, 

Volume of fuel in the injection valve = 2 c.c. 

Volume of fuel to be delivered = 0.10 c.c. 

The pressure at which fuel to be delivered, pj = 150 bar 
Atmospheric pressure, p 2 - i bar 

Coefficient of compressibility, C c = 78.8 x 10 “ 6 per bar at atmpspheric pressure 

Diameter of plunger, d p = 7 mm 

(0 Displacement of plunger : 

Coefficient of compressibility of oil, 

£_ Change in volume per unit volume 

c Difference in pressure causing compression 

= 

, _V i(Pl-P 2 > 

Total initial fuel volume, 

Vj = Volume of fuel in barrel + volume of fuel in the delivery 
line + volume of fuel in the injection valve 


= 7 + ~ (0.3 ) 2 x 70 + 2 = 13.95 c.c. 

4 

No pressure is built up till the pump plunger closes the inlet port. Further advance of plunger 
will compress the fuel oil and raise the pressure to a required value. Once the delivery pressure is 
attained, further Movement of plunger results in delivery of fuel oil at constant pressure. 

Change in volume due to compression = Cjip^ p 2 ) x V 1 
or (Vj - V 2 ) = 78.8 x 10 “ 6 x (150 - 1 ) x 13.95 

I =0.' 6379 c.c. — 

Total displacement of plunger 

/ = - V 2 ) + 0.1 = 0.16379 + 0.1 = 0.26379 c.c. (Ans.) 

(ii) Effective stroke of the plunger, l p : 

' 2 w 7 n or ~ x (0.7 ) 2 xl p = 0.26379 


yd D 2 xl D = 0.26379 


*p = 


0.26 379 x 4 
x x (0.7 ) 2 


= 0.6854 cm or 6.854 mm. (Ans.) 
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Example 12.9. At injection pressure of 145 bar, sf>ray penetration of 22 cm in 16 milliseconds 
is obtained. Determine the time required for the spray/to penetrate the same distance at an injection 
pressure of235 bar. Assume the same orifice and the combustion chamber density. Combustion cham¬ 
ber pressure is 30 bar. 

Use the relation : s = t fisp 
where s is the penetration in cm, 

t is the time in milliseconds, and 

Ap is the pressure difference between the injection pressure and combustion chamber 

pressure. 

Solution. Given : p Y - 145 bar, t x - 16 milli-seconds,p 2 = 230 bar; 

Pcyl - 30 bar ; Sj = s 2 = 22 cm 
Here, Ap x = p t -p cyl - 145 - 30 = 115 bar 
A p 2 = p 2 -p cyl = 235 - 30 = 205 bar 
From given relation s = t ^Ap, we have 

£i 


„ 


or 



11.98 milli-seconds. 


(Ans.) 


HIGHLIGHTS 


1. Main types of modern fuel iiyection systems are : 

(i) Common rail injection system 
(ti) Individual pump injection system 
(Hi) Distributor system. 

2. The main components of a fuel injection system are : 

Fuel tank ; Fuel feed pump ; Fuel filters ; Injection pump ; Governor ; Fuel pipings and injectors. 

3. The nozzle are classified as follows : 

(i) Single hole nozzle («) Multi-hole nozzle 

(iii) Circumferential nozzle ( iv ) Pintle nozzle 

(u) Pintaux nozzle. 

4. Volume of fuel injected per min., 


where, 




xNi 


d 0 = Diameter of fuel orifice, m 2 , 
rc 0 = Number of orifices, 

V f = Velocity of flow of fuel through orifice, 

0 = Duration of the injection in degrees of crank angle, 
N = r.p.m., and 


N t - Number of injection per min. 
= r.p.m72 = for 4-stroke engine 
= r.p.m. for 2-stroke engine. 
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1 . 


4. 

5. 

6 . 

7. 

8 . 

9. 

10 . 

11 . 

12 . 

13. 


1 . 

6 . 

11 . 


1. 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 

9. 


1 . 


2 . 


OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say “Yes” or “No” ; 

Fuel is injected into the cylinder at the end of.stroke. 

The period between the start of injection and start of ignition is called.delay. 

The beginning and end of the injection should be sharp. 

The injected fuel may not be broken into very fine droplets. 

Air injection system is largely used these days. 

Inferior fuels can be used in air injection system. 

Solid injection is also called.injection. 

^.injection system only one pump is sufficient for multi-cylinder engine. 

Very accurate design and workmanship are required in air injection system. 

.system, the fuel is metered at a central point; a pump pressurises, meters the fuel and times the 

injection. 

* n .pump injection system an individual pump or pump cylinder connects directly to each fuel nozzle. 

A multi-hole nozzle gives poor automisation. 

^.nozzle is a type of pintle nozzle which has an auxiliary hole drilled in the nozzle body. 


compression 

Yes 

individual 


2. ignition 
7. mechanical 
12. No 


ANSWERS 


3. Yes 4. No 

8. common rail 9. Yes 
13. pintaux. 


5. No 

10. distributor 


THEORETICAL QUESTIONS 


What are the functional requirements of an injection system ? 

How are injection systems classified ? Describe them briefly. Why the air iiyection system is not used now¬ 
adays ? 

What are the essential requirements to be fulfilled by a fuel injection system for C.I. engines ? What is 
the most common injection system used in multi-cylinder diesel engines ? 

What are the main functions of the nozzle ? 

What are the most common types of nozzles used ? 

What is the difference between air injection and solid iiyection ? 

State the merits and demerits of multiple orifice nozzle and pintle type nozzle in C.I. engine injectors. 

Bring out the differences in construction and working of printle and pintaux nozzles with the help of 
sketches and discuss their relative merits. y 

How are solid injection system classified ? Explain the working of common rail, individual pump and 
distributor systems with the help of neat sketches. Discuss their relative merits and demerits. 


UNSOLVED EXAMPLES 


o. 6 ; cy '^ er , 4 ? tr0ke diesel engine dev el«ps 89 kW at 2500 r.pm. Its brake specific fiiel consumption is 
245 g/kWh. Calculate the quantity of fuel to be injected per cycle per cylinder. Specific gravity of the fuel 
may be taken as 0.84. [Ans. 0.0576 c.c5 

A six-cylinder, four-stroke oil engine develops 200 kW at 1200 r.p.m. and consumes 0.3 kg/kWh. Deter¬ 
mine the diameter of a single orifice injector if the injection pressure is 200 bar and combustion cham- 
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',7^ 18 carried out for 300 rotation of a CTank - Each nozzle -* **«•« 

Take 900 kg/m 3 and C /= 0.7. [Ans. 1.005 mm) 

0 275 fi,S oATAm e ^! 0P3 15 r W Per Cylinlier 8t 2000 rpm ‘ The s P ecific fue > consumption is 

Oif 5 f u° M ?nJ he ^ eCtl0n P ressure is 130 bar for 25° of crank angle. The pressure in 

the combustion chamber is 40 bar. The co-efficient of velocity = 0.875 and the specific gravity is given by 

0 _ 141.5 

P ‘ ® T * “ 131fi + ° API ' Assumin ^ *° be incompressible, determine the diameter of the fuel orifice. 

a a • ui v j j- , lAns. 0.62 mm) 

. An eight-cylinder four-stroke diesel engine has a power output of 368 kW at 800 r.p.m The fuel con- 
sumption is 0.238 kg/kWh. The pressure in the cylinder at the beginning of injection is 35 bar and the 
aximum cylinder pressure is 60 bar. The injector is expected to be set at 210 bar and maximum 
pressure at the injector is set at about 600 bar. Calculate the orifice area required per injector if the 
injection takes place over 12° crank angle. J 

Assume the following: 

-Tor? f " eI = 0 85 ; Coefficient 0 f discharge for the mjector = 0.6 ; Atmospheric pressure 

period ’ Ve PreSSUre <hfferencc “ the avera g e pressure difference over the injection 

K , ,. ,, .. . . [Ans. 0.01234 cm 2 ] 

L a p ffcT e LTli? eCt r P r P c he ,r 0l T e 0f ? e foel “ the P um P barrel before the commencement of 
*.5f? !*"?“ f The , fae Ime from the P um P t0 Injector is 3 mm in diameter and 700 mm long 
and the fuel in the injection valve is 3 c.c. h 

(0 Determine the pump displacement necessary to deliver 0.15 c.c. of fuel at a pressure of 200 bar 
Assume a sump (atmospheric) pressure of 1 bar. 

(«) Calculate the effective stroke of the plunger if the diameter of the plunger is 8 mm. 

Take the coefficient of compressibility of oil as 78.8 x 10*® per bar at atm ospheric pressure. 

. fAns. (i) 0.384 c.c. ; ( ii) 7.65 mm] 

6. A spray penetration of 10 cm is obtained in 15 milli-seconds when injection pressure was 150 bar Find 
the time required to penetrate the same distance if the injection pressure is increased to 200 bar The 
pressure in the combustion chamber under both conditions is 40 bar. Assume the density of fuel and air 
m cylinder remain same during injection under both conditions. [Ans 12 4 milli-secondri 


Visit: www.Civildatas.com 


V 





V 


Ignition Systems (S.I. Engines) 


13.1. Introduction. 13.2. Requirements of an ignition system. 13.3. Basic ignition systems. 
13.4. Battery (or coil) ignition system. 13.5. Magneto ignition system. 13.6. Firing order. 
13.7. Ignition timing. 13.8. Sparkplugs. 13.9. Limitations of conventional ignition. 13.10. Electronic 
ignition systems—Highlights—Objective Type Questions—Theoretical Questions. 


13.1. INTRODUCTION 

• In S.I. engines the combustion process is initiated by a spark between the two elec¬ 
trodes of spark plug. This occurs just before the end of compression stroke. The ignition 
process must add necessary energy for starting and sustaining burning of the fuel till 
combustion takes place. 

• Ignition is only a pre-requisite of combustion . It does not influence the gross combustion 
process. It is only a small scale phenomenon taking place within a specified small zone 
in the combustion chamber. 

• Ignition only ensures initiation of combustion process and has no degree intensively or 
extensively. 

Energy requirements for ignition : 

A spark energy below 10 miliijoules is adequate to initiate combustion for A/F ratio 
12-13 : 1 (Range of mixtures normally used); the duration of few micro-seconds is suffi¬ 
cient to start combustion. 

A spark can be struck between the gap in the two electrodes of the spark plug by 
sufficiently high voltage. There is a critical voltage called breakdown voltage below which 
no sparking would occur. In practice the pressure, temperature and density have a 
profound influence on the voltage required to cause the spark. Also, the striking voltage 
is increased due to the fouling factor of the electrodes owing to deposits and abrasion. 
For automotive engines, in normal practice, the spark energy to the tune of 40 miliijoules 
and duration of about 0.5 millisecond is sufficient over entire range of operation. 

13.2. REQUIREMENTS OF AN IGNITION SYSTEM 

For an ignition system to be acceptable it must be moderately priced, reliable and its per¬ 
formance must be adequate to meet all the demands imposed on it by various operating conditions 

An ignition system should fulfill the following requirements : 

1. It should have an adequate reserve of secondary voltage and ignition energy over the 
entire operating speed range of the engine. 

2. It should consume the minimum of power and convert it efficiently to a high-energy spork 
across the spark-plug electrode gap. 

3. It shouldTiave a spark duration which is sufficient to establish burning of the air-fuei 
mixture under all operating conditions. 
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4. It should have the ability to produce an ignition spark when a shunt (short) is established 
over the spark-plug electrode insulator surface, due possibly to carbon, oil or lead deposits, liquid 
fuel or water condensation. 

5. Good performance at high speeds. , 

6. Longer life of breaker points and spark plug. / 

7. Good starting when the breaker points open slowly Lt cranking speed. 

8. Good reproducibility of secondary voltage rise and Maximum rise. 

9. Adjustment of spark advance with speed and load. 

• The basic source of electrical energy is either ^battery, a generator or a magneto. ■ 

— The battery and generator normally nrbvide 6 V or 12 V direct current, while the 
magneto provides an alternating cup/ent of higher voltage. 

— The low voltage (6 V or 12 V) isioosted to a very high potential of about 10 kV to 
20 kV, in order to overcome the spark gap resistance and to release enough energy 
to initiate self propagating flame from within the combustible mixture. 

13.3. BASIC IGNITION SYSTEMS 

The following basic ignition systems are in use : 

1. Battery ignition system —Conventional, transistor assisted. 

2. Magneto ignition system— Low tension, high tension. 

3. Electronic ignition system. 

The difference between Battery and Magneto ignition systems lies only in the source of 
electrical energy. Whereas ‘Battery ignition system’ uses a battery, ‘Magneto ignition system' uses 
a magneto to supply low voltage, all other system components being similar. 

13.4. BATTERY (OR COIL) IGNITION SYSTEM 

It is a commonly used system because of its combined cheapness, convenience of mainte¬ 
nance, attention and general suitability. 

Construction. This system consists of the following components : 

1. Battery (6 or 12 volts) 2. Ignition switch 

3. Induction coil 4. Circuit/contact breaker 

5. Condenser 6. Distributor. 

Refer Fig. 13.1. 

One terminal of the battery is ground to the frame of the engine, and other is connected 
through the ignition switch to one primary terminal of the ignition coil (consisting of a 
comparatively few turns of thick wire wound round an iron core). The other primary 
terminal is connected to one end of the contact points of the circuit breaker and through 
closed points to ground. The primary circuit of the ignition coil thus gets completed 
when contact points of the circuit breaker are together and switch is closed. The second¬ 
ary terminal of the coil is connected to the central contact of the distributor and hence 
to distributor rotor. The secondary circuit consists of secondary winding (consisting of a 
large number of turns of fine wire) of the coil, distributor and four spark plugs. The 
contact breaker is driven by a cam whose speed is half the engine speed (for four stroke 
engines) and breaks the primary circuit one for each cylinder during one complete cycle 
of the engine. 

The breaker points are held on contact by a spring except when forced apart by lobs of 
the cam. 


Visit: www.Civildatas.com 


IGNITION SYSTEMS (S.I. ENGINES) 


443 


A ballast resistor is provided in series with the primary winding to regulate primary 
current. For starting purposes this resistor is by passed so that more current can flow 
m the primary circuit. 



Working: 

To start with, the ignition switch is made on and the engine is cranked i.e. turned by 
hand when the contacts touch, the current flows from battery through the switch, pri¬ 
mary winding of the induction coil to circuit breaker points and the circuit is completed 
through the ground. A condenser connected across the terminals of the contact breaker 
points prevent the sparking at these points. 

The rotating cam breaks open the contacts immediately and breaking of this primary 
circuit brings about a change of magnetic field ; due to which a very high voltage to the 
tune of 8000 to 12000 V is produced across the secondary terminals. (The number of 
turns in the secondary winding may be 50 to 100 times than in primary winding) Due 
to high voltage the spark jumps across the gap in the spark plug and air fuel mixture is 
ignited in the cylinder. 

• Fig. 13.2 shows the gradually building up of the primary current from the time the 
points close until they open. 

• Fig. 13.3 shows a typical wave-form or pattern of the normal ignition action. 

At point L the distributor opens and the magnetic field of the coil-primary winding 
collapses and consequently the secondary voltage, indicated by the firing line, rises 
to point M. The height of the firing line shows the voltage needed to jump the rotor 
gap and to ionize the gap between the spark plug electrodes. After the spark is 
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initiated the gap becomes ionized resulting in decreased gap resistance and a smaller 
voltage is then required to maintain the arc across the gap. The lower voltage and 
the spark duration is represented by the height and length of the spark line NP. 


t 


Spark 


Breaker points open 



f 

Firing 

line 

Zero L 

\A 

N 1 

1 — 1 

r P 
>■ 

i 

1 Points Points 

[ dose open 

V \ 

line 

Fir 




V * 


— T —* 


Firing Intermediate Dwell 

section section section 


Fig. 13.2. Built up time for primary current. Fig. 13.3. Typical pattern of normal ignition action. 


At point P the major portion of the energy of the coil is expended and consequently 
there is a drop in the secondary voltage which result in extinguishing of the spark. 

— Due to spark extinction the circuit becomes open, the current flow is stopped, and, 
hence the magnetic field (produced in the secondary winding, during the firing 
period NP while the current was flowing in the secondary winding and across the 
spark gap to ground) collapses, thereby, inducing a current in the primary wind¬ 
ing, which eventually flows into the condenser and charge it. 

— When voltage in the condenser becomes higher than that in the primary winding, 
it discharges back in the primary winding. This results in collapsing of the mag¬ 
netic field and rebuilding up of voltage in the secondary winding. This pulsing back 
and forth, weaked each time, continues till whole of the energy is dissipated (Refer 
Fig. 13.3-intermediate section). % 

— At point Q the contact points close and remain so during dwell period. At the end of 
this period the points again open at S (there being no condenser action during the 
period, since it is shorted out across the closed points.) 


Advantages: 

1. It offers better sparks at low speeds, starting and for cranking purposes. 

2. The initial cost of the system is low. 

3. It is a reliable system and periodical maintenance required is negligible except for battery. 

4. Items requiring attention can be easily located in more accessible position than those of 
magnetos. 

5. The high speed engine drive is usually simpler than magneto drive. 

6. Adjustment of spark timing has no deterimental effect over the complete ignition timing 
range. 


Disadvantages : 

1. With the increasing speed, sparking voltage drops. 

2. Battery, the only unreliable component of the system needs regular attention. In case 
battery runs down, the engine cannot be started as induction coil fails to operate. 

3. Because of battery, bulk of the system is high. 
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Description of Components of Battery Ignition System 


1. The battery : 

• The function of battery is to store electricity in the form of chemical energy, when re¬ 
quired to convert the latter back into electrical energy. 

• Motor vehicles use lead-acid batteries which have a series of positive and negative plates 
which are interpersed, the plates being immersed in a solution of dilute sulphuric acid, 
called the electrolyte. For compactness the plates are placed close* together and separa¬ 
tors are used to reduce the chance of shorting taking place. 

Advantages of 12-V ignition system over 6-V system : 

The following are the advantages of 12-V ignition system over 6-V system : 

1. Considerably higher voltages are obtainable. 

2. For transmitting equal power with excessive voltage drop, the cable in a 6-V system 
needs theoretically to be four times the thickness of 12-V system, cables. 

3. Improved starting. 

4. Adequate electric power to supply the increasing number of electrical accessories used. 

2. The ignition coil: 


• To create an adequate spark across the gap of sparking plug high electrical pressure is 
needed. Electrical pressure is measured in volts and the 12 volts supplied by the bat¬ 
tery is totally inadequate. 


Primary 

winding 
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• The function of ignition coil is to increase the voltage between 10,000 and 15,000 volts in 
some conditi ons , alth ough the voltage which occurs under normal running conditions is 
of the order of 4000 :: 5000^VQlts. 

• Two coils of insulated wire are^ouruCpn a laminated soft iron core. The inner coil , 
called the secondary , has more turns than the outer primary coil. There are about 20000 
turns on the secondary and 400 turns on the primary. 

• If a low voltage passing through the primary coil is switched off a higher voltage is 
induced in the secondary coil, the increase being approximately in the same proportion 
to the number of turns of the two coils. The core and windings are placed in an iron 
sheath. The entire assembly being housed in a sealed container (Fig. 13.4). 

• A high tension lead from the centre of the coil carries the supply to the distributor. Two 
small terminals are situated either side of the high tension lead, one being connected to 
the contact breaker and marked CB and the other to the ignition switch identified by 
the letters SW. 

3. Contact breakers : 

• The distributor unit used on the modern motor vehicle contains the breaker contacts 
which make and break the primary current, and the distributor mechanism which sup¬ 
plies the secondary current to the plugs in their proper firing order. Fig. 13.5 shows how 
the distributor is connected into the typical battery ignition system. 


Insulated terminal 
(connected to lever arm) 



• Breaker contact points must permit the spark plugs to fire accurately at high speed. 
Therefore the moving parts must be light, yet strong, and carefully built of high-grade 
materials. The breaker contact points are two small contact pieces one stationary and 
one on a movable arm, normally held against the stationary contact by spring tension. 
The points are made of tungsten or platinum alloy to resist burning and pitting, and are 
hard enough to withstand the hammering action caused by the rapid closing of the 
breaker at high speeds. 
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• A small cam, with a lobe for each time the breaker is required to open per revolution, 
revolves and pushes the movable breaker arm so that the contact points are separated. 
In this way, the current in the primary winding of the coil is interupted every time a 
spark is required in one of the cylinders. 

• The usual circuit breaker used on modern vehicles is the closed-circuit type (Fig. 13.6). 
The contact points normally remain in the closed position, being separated only when 
the breaker arm is lifted by a lobe of the breaker arm. The closed circuit type is more 
adaptable to high speed engines because the points are in contact long enough to allow 
complete magnetisation of high tension coil. This results in especially good sparks at 
slow starting speeds, with less intense sparks at higher speeds when the time of the 
contact is shortened. 



Fig. 13.6. Closed circuit type circuit breaker. 

4. The distributor: 

• In order for the coil to produce a high voltage from a low voltage supply the flow of 
electricity must be interrupted (switched off and on). The distributor contains the con¬ 
tact breaker and a cam, which is of rotary switch, that interrupts the supply. The dis¬ 
tributor cap has a centre terminal which connects with the high tension terminal of the 
induction coil, and as many terminals equally spaced around it as there are spark plugs 
to fire. The cap is usually moulded of a highly resistant insulating material, such as 
bakelite or condensite which is moisture proof and possesses high insulating properties 
even under excessive heat. The terminals are of brass or metal alloy moulded in posi¬ 
tion, terminating on the underside either in the form of a button flush with the surface 
or in the form of a pin. The distributor head is usually held in place by two spring clips 
which snap on only when the head is in its proper position. Thus the head can be easily 
removed to inspect and adjust the rotor and breaker mechanism with no chance of re¬ 
placing it incorrectly. The rotor or distributor arm is mounted on the upper end of the 
distributor shaft, on which the breaker cam is also located. The inside end of rotor 
makes contact with the centre terminal of the head, while the outside end in its rotation 
completes the circuit successively with the terminals leading to the spark plugs. 
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5. The condenser: 

’ fnrnnt ^ drCuit ‘f broken the c ™t tends to continue flowing and a snark 

jumps across the separated contact breaker noin+c ru; «« . . * . a sparK 
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(i) It causes arcing, burning of the contact breaker points 
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• The condenser absorbs and stores this inductive flow of current r= a, 
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Fig. 13.7. The condenser. 

Maintenance of ignition system : 

) Induction coil, (t) It is only necessary to keep the connections clean and tight. 

points have'come’ COntaCt breaker 

u.. 8 .. i “xxxtt ss :s.x“*b«. c ix.“' i "’ •* * h * “»• -«»*•»»«d~. 

; (U) Wipe inside of distributor cap and the electrodes with a clean cloth 

f the cam t arfnr ^ -° t0r “ d ^ en ^ e oil into *e -tor arm spindle to lubricate 
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(id) Check that if the carbon brush is clean and moves freely in its holder, 
to) Burnt or blackened contact breaker points should be cleaned with a thin carborudum 
tone. Care must be taken that these surfaces are kept flat; ensuring that the entire area of the 
points is in contact. Remove grease or metallic dust with a petrol moistened cloth. 

(w) Breaker gaps should be periodically checked, and if necessary reset. 

(m) If the engine does not fire disconnect the centre high tension lead and hold close to the 
cylinder head Arrange the cam so that the points are closed, each time the points are separated 
with the ignition switch on. a good spark should be obtained. This is only a rough check since the 
spark does not occur under the conditions preventing in the cylinder. 

Condenser. The following symptoms may indicate a faulty condenser although they are 
usually checked by special equipment: 

(i) Severe misfiring causing explosion in the silencer and carburettor. 

(ii) Engine refuses to perform satisfactorily under load. 

Uu) Arcing at contact breaker points causing blackened and pitted surfaces. 

(iu) Weak spark. 

Check connections and if fault still occurs replace the condenser. 

High tension cables. Check that connections are clean and secure, and that the cable 
insulation is free from cracks. 

Piugs. (i) Inspect and clean every 3000-4800 km and replace every 16000 km. When setting 
the gap adjust the side electrode and check with a wire gauge for preference. 

tfZ IS n0t sat * sfact ° ry t0 check the action of a plug by lying it on the cylinder head and 
rotating the engine. This is because it is not subjected to working conditions. 

(la) Plugs should be checked using a special machine which stimulates cylinder conditions 
and automatically gives the condition of the plugs. 

13.5. MAGNETO IGNITION SYSTEM 

• The magneto ignition system is similar in principle to the battery system except that 
e magnetic field in the core of the primary and secondary windings is produced by a 
rotating permanent magnet (Fig. 13.8). As the magnet turns, the field is produced from 
a positive maximum to a negative maximum and back again. As this magnetic field 
tails from a positive maximum value, a voltage and current are induced in the primary 
winding. The primary current produces a magnetic field of its own which keeps the 
total magnetic field surrounding the primary and secondary windings approximately 
constant. When the permanent magnet has turned for enough so that its contribution to 
e total field is strongly negative, the breaker points are opened and the magnetic field 
about the secondary winding suddenly goes from a high positive value to a high nega¬ 
tive value. This induces a high voltage in the secondary winding which is led to the 
proper spark plug by the distributor, 

• The magneto is an efficient , reliable , self contained unit which is often preferred for air¬ 
craft engines because storage batteries are heavy and troublesome. Special starting means 
are required however, as the magneto will not furnish enough voltage for ignition at 
low speeds. Variation in ignition timing is more difficult with the magneto, since the 
breaker point must be opened when the rotating magnets are in the most favourable 
position It is possible to change the engine crank angle at which the magneto points 
open without disturbing the relationship between point opening and magnet position by 
esignmg the attachment pad so that the entire magneto body may be rotated a few 
degrees about its own shaft. Obviously this mett*>d is not as satisfactory as rotating a 
timer cam-plate. 6 
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Fig. 13.8. Magneto ignition system. 

Advantages: 

1. The system is more reliable as there is no battery or connecting cable. 

2. The system is more suitable for medium and very high speed engines. 

3. With use of cobalt steel and nickel-aluminium magnet metals very light and compact 
units can be made which require very little room. 

4. With recent development this system has become fairly reliable. 

Disadvantages; 

an f d durin ?, Cranking the voltage is ver y low. This has been overcome by 
suitable modifications in the circuit. y 

2 ' ‘ ° f the Spark timing U - advance or retard > has deterimental effect upon the 

spark voltage or energy. ^ 

3. The powerful sparks at high engine speeds cause burning of the electrodes. 

Low tension magneto ignition system : 

™ u In ,* n gh tensi0n magnet0 ignition s y stem the main shortcoming is that the wirings carrv a 

beTvoided V h ge CU ; rent W Ch may lead t0 misfirln S °fthe engine due to leakage. This trouble can 
be avoided by using low tension magneto system. In this system the secondary winding is changed 
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“• ***** u ^ ~ * 

Comparison Baltery Ijaitioo Sy.lom and M.gmdo Ipailloa SysUrn, 

S^=S£SSS 

the UbHT betW€en ** baUery lenUl ° n ^ and ignition systems are given in 


S. No. 

Aspect 

Battery ignition system 

Magneto ignition system 

1. 

Current for 

primary circuit 

Obtained from battery. 

Generated by the magneto. 

2. 

Starting 

Difficult to start when battery 
is in discharged condition. 

No problem of battery discharge. 

3. 

Maintenance 

problems 

More, due to battery. 

Less, due to absence of battery. 

4. 

Intensity of spark 
at low speed 

Good 

Poor 

5. 

6. 

Efficiency 

Space occupied 

Efficiency of the system decreases 
with the reduction in spark inten¬ 
sity as the engine speed increases. 
More 

Efficiency of the system improves 
as the engine speed increases due 
to high intensity spark. 

7. 

m 

Application 

F-irr 1 Q .1_ 

In cars and light 
commercial vehicles. 

In racing cars and two 
wheelers, aircrafts etc. 


magneto ignition systems. 


* current vs, speed for battery and H.T. 



Fig. 13.8(a). Breaker current o s speed for batten-coil and magneto ignition systems 
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with increase ln , tl ? e engin , e s P eed - 0wm e to the poor starting characteristics and 
effect of the spark timing changes on voltage generated, invariably battery ignition 
system is preferred to the magneto ignition system. 

However, the battery ignition system is heavier and requires more maintenance than 
magneto ignition system. 


13.6. FIRING ORDER 

f, rina *T? e ° rder j* ** order inwhi f various cylinders of a multi-cylinder engine fire. The 
firing order is arranged to have power impulses equally spaced, and from the point of view of balancing. 
Firing orders for various engines are given below : 


No. of cylinders 


Firing order 


Two 

Three 

Four 

Six 

Eight 


1,2 

1,3,2 

1, 4, 3, 2 or 1, 3, 4, 2 

1, 5, 3, 6, 2, 4 or 1, 4, 2, 6, 3, 5 

1, 6, 2, 5, 8, 3, 7, 4 or 1, 8, 7, 3, 6, 5, 4, 2. 


Eight (Vee): Either of the following alternatives. 


(A) 

IL, IR, 4L, 4 R, 2R 

, 3L, 37?, 

2L 

(B) 

1L, 4 R, 2 R, 2 L, 37?, 

, 3 L } 4L, 

17? 

(C) 

1 L, 3L, 27?, 4 R, 3 R, 

2L, 4L, 

17? 

(D) 

1 L t 472, 4L, 2L, 31?, 

3L, 2 R, 

17? 

(E) 

lL y 3 L, 37?, 2L, 2 R, 

17?, 4L, 

47? 


stroke on d R cylinder on left and right hand side respectively. The firing order for a four- 

stroke engine with its cylinder numbered consecutively from lto n will be 1,3, 5, 7 to n for one 
revolution of the crankshaft and 2, 4, 6, 8.to (n - 1) for the next revolution. 


13.7. IGNITION TIMING 

• Ignition timing is the correct instant for the introduction of spark near the end of com¬ 

pression stroke in the cycle. The ignition timing is fixed to obtain maximum power from 
trie engine. ' 

• The correct instant for the introduction of a spark is mainly determined by the ignition 

Some of the important factors which affect ignition timings are : 

( i ) Compression ratio 
Hi) Engine speed 
(Hi) Mixture strength 
( iv ) Combustion chamber design 
(y) Throttle opening 
(vi) Engine temperature 
(vii) The type of fuel. 

Spark Advance Mechanisms : 

rpm , TV* °l si S n ;. <lc “V mp0rtanCe that the point in the c y° le where the s Park occurs must be 
regulated automatically to ensure maximum power and economy at different loads and speeds. 
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mattanfre^k^s^^e^Dtimumt 8 Which iS integraI with the distributor and auto- 

lowing p vance t0 account fw change of load and speed ' The ** 

1. Vacuum spark advance. 

2. Centrifugal spark advance. 

1. Vacuum spark advance : 

. It is necessary to have vacuum advance.of the spark timing since the lean mixtures 

throttle TlJsnf k ^ rfch mixtures ' Thus with the closure of the 

throttle, the spark must be advanced to get optimum performance 

# to h ZeZf ara ^ ° btained With heIP ° f 3 Spring l0aded diaphra ^ connected 

‘°" g 88 tha eng j ne idles no advance is required. But when the throttle is opened 
. “ 1S ;, edaced - causln S the diaphragm to move inwards. The diaphragm is so 

£2t£L“t”“.IS bre,l “ ,h “ " h “ ■*—"»*. «■ 

• SSST*" properly, in- 

2. Centrifugal spark advance : 

’ th^engTne^ 31 ^ iS 6SSential t0 compensate for ‘he increase in speed of 

* ffi h roueha h ^!nr ll 0b H ta L ned ** COnnectin S the conta ct breaker cam to the driving shaft 

speed the wefibtffl hjCh t ,nCOr ^° rat ! S ‘ W ° Centrifu K al weights. With increase in engine 
speed the weights fly out causing the cam to turn relative to the driving shaft in the 
direction of rotation and eventually affecting spark advance. 

13.8. SPARK PLUGS 

’ syslTint^the^omhur ^ 1 *° C ° nduCt the hi S h Potential from the ignition 

Z ‘T k combustion chamber. It provides the proper gap across which spark is 
p oduced by applying high voltage, to ignite the combustion chamber. 

• A spark plug entails the following requirements : 

(i) It must withstand peak pressures up to atleast 55 bar 

Hi) It must provide suitable insulation between two electrodes to prevent short circuiting. 

111 nv!^kf 6 Cap3 j le ofwlthstandin £high temperatures to the tune of2000°C to 2500°C 
over long periods of operation. 

(IU) ISISS&SSS t0 erosion burning away of the spark points irre - 

(V) Sfhni i SeSS 8 h if heat resistaace 80 that the electrodes do not become suffi- 
y ot t0 cause the preignition of the charge within the engine cylinder 

««p*+ ■» .*. .» 

~ SP f k p,U . g <f ig ' 13p) insists of a metal shell living two electrodes (oftenly 

ade of nickel alloy with alloying elements of tungstdn silicon or chromium) which 

the sunnf 1 7™/ f her With an air gap Hi § h fusion current jumping from 

the supply electrode produces the necessary spark. / 

/ 
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— Plugs are sometimes identified by the heat range or the relative temperature ob¬ 
tained during operation. The correct type of plug with correct width of gap between 
the electrodes are important factors. 

— The spark plug gap can be easily checked by means of a feeler gauge and set as per 
manufacturer’s specifications. 

— It is most important that while adjusting the spark plug it is the outer earthed 
electrode i.e., tip which is moved in or out gradually for proper setting of the gap. 
No bending force should be applied on the centre-electrode for adjusting the gap as 
this can cause crack and fracture of insulation and render the plug absolutely useless. 

— Porcelain is commonly used as insulating material in spark plugs, as it is cheap 
and easy to manufacture. Mica can also be used as insulating material for spark 
plugs. Mica, however, cannot withstand high temperatures successfully. 

Factors affecting establishment of arc across the air gap of the spark plug : 

The problem of establishing an arc across the air gap of the spark plug is affected by the 
following factors 

(£) Air gap length. Greater the air gap, greater is the breakdown voltage. 

{ii) Gap geometry. For pointed small electrodes less breakdown voltage is required. 

(Hi) Mixture density. High densities (i.e, high throttle openings) require higher breakdown 
voltages. It follows the Paschen’s law ; V = K ph, where K, p and h are a constant (for given 
substance and electrode shape), density of the material and gap distance respectively. 

(iv) Electrode temperature. High temperatures lead to low breakdown voltage. 


r 
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(u) Insulator’s leakage resistance. The carbon and metallic oxides from electrically-con- 
ductive coating on the insulator which, thus, shunt the secondary winding and reduce the maxi¬ 
mum voltage that the secondary can impress across the spark plug. 

(u£) Voltage increase rate at the gap. When the voltage is built up at a rapid rate by the 
ignition system, the effect of leakage gets minimized, and greater voltage is available. 

(vii) Fuel-air ratio. The fuel-air ratio fixes the electrical properties of the mixture ; lean 
mixtures have higher breakdown voltage than those of slightly rich mixtures. 

(viii) Electrode material. 

(ix) The presence of ionised gases in the gap. 

Difference between hot spark plug and cold spark plug: 




Cold 

Fig.. 13.10. Hot and cold spark plug. 

The difference between hot and cold spark plugs is due to the relative operating temperature 
range of the tip of the high tension electrodes. The operating temperature is governed by the amount 
of heat transferred which depends upon the heat transfer path from the tip to the cylinder head and 
the amount of surface area exposed to the combustion gases. A cold plug has a short heat transfer 
path and a small area exposed to the combustion gases, as compared to a hot plug. 

13.9. LIMITATIONS OF CONVENTIONAL IGNITION 

The conventional ignition system entails the following limitations 

1. Frequent servicing and replacement of contact points. 

2. Weaker sparks (or sometimes misfiring). 

3. Inefficient at low speeds. 

4. Poor starting ability. 

5. Reduced ability to fire fouled plugs (since most of the spark energy is lost as current 
flows through low-resistance ibuling deposits). 

6. Poor reproducibility of the secondary voltage rise, peak voltage and firing time (owing to 
inherent erratic operation of the mechanical points). 
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internal combustion engines 

13.10. ELECTRONIC IGNITION SYSTEMS 

of new ignition system v! *° 016 develo P m <^t 

types of electronic ignition systems are employed 1 automobiles the following two 

1. Transistorised coil ignition (TCI) system. 

2. Capacitive discharge ignition (CDI) system. 

These systems are described below : 

1. Transistorised coil ignition (TCI) system : 

• TCI system provides higher output voltaee and . ... 

required timing. S uses e,ec tronic triggering to keep the 

* ^ Cate l° r i Sed “ high energy electronic ignition system. 

The circuit diagram of this system is shown in Fig. 13 ,n. 



Fig. 13.11. Circuit diagram of TCI system. 

is to detect the position ^thedtst^ibutorlhaft °^ ly USed pulse generator) system 
electronic control model. TOs syl ' renf and * ransmit «* electrical pulse to an 
assembly of the conventional ignition system breaker and the cam 

ventional breaker system. ^ P in the same fashion as in con- 

— Timing 1 circuit is contained in the control i ^ , 

later so that the primary 

Advantages: J 

The advantages of TCI system are : 

1. Reduced wear of the components. 

2. No problem faced in burning lean mixtures. 
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3. Reduced maintenance of the ignition system. 

4. Increased reliability. 

5. Increased spark plug life. 

2. Capacitive discharge ignition (CDI) system : 

Fig. 13.12 illustrates the capacitive discharge ignition system. 



Fig. 13.12. Circuit diagram of CDI system. 

• In this system a capacitor is used to store the energy, induction coil is not used. The 
magnitude of stored energy depends on the capacitance and the charging voltage of the 
capacitor. 

• The primary voltage developed at the time of spark by the discharge of capacitor is 
boosted up by the ignition transformer, through the thyristor, to the high voltage 
required at the spark plug. 

• The CDI trigger box comprises the capacitor , thyristor power switch , charging device 
to convert battery voltage to the charging voltage of 300 to 500 V, by means of pulses 
via, the voltage transformer, pulse shaping unit and control unit. 

Advantages : 

The advantages of CDI system are : 

1. The capacitor in this system can store several thousands times more energy per unit of 
capacitance compared to that per unit inductance of the conventional TCI system. This permits a 
high output voltage even at high spark rates (speeds). 

2. Due to the internal resistance being very small (about 50 O), faster voltage rise is obtain¬ 
able and consequently the system is relatively insensitive to side tracking. 

3. As in TCI system, the breaker points serve as a trigger only. This avoids frequent mainte- 

nance and increases life of the contact points. / 

4. As evident from Fig. 13.13, at low engine speeds in CDI systems low current is drawn 
trom the batteiy and with increase in speed the current drawn also increases, unlike what happens 
in conventional or TCI system where high current is drawn at low speeds. This characteristic of 

D1 system increases the low speed efficiency and allows easier cold starting. 
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Fig. 13.13 

5. The output voltage is relatively independent of engine speed (Fig. 13.14), this eliminates 
chances of misfiring of even the fouled spark plugs. 



Fig. 13.14 

Disadvantages: 

The main disadvantage of CDI system is very rapid discharging of capacitor leading to strong 
spark but of short duration of about 0.1 ms. This may cause ignition problems when, operating with 
rich mixtures. 

\ 


HIGHLIGHTS 

1. The basic ignition systems in uses are : 

(i) Battery ignition system ; 

(ii) Magneto-ignition system; 

(Hi) Electronic ignition system. 
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2. The main components of a battery ignition system are : 

(0 Battery (6 or 12 V) (it) Ignition switch 

(iii) Induction coil (iu) Circuit/contact breaker 

(u) Condenser ( vi ) Distributor. 

3. The battery ignition system is commonly used because of its combined cheapness, convenience of mainte¬ 
nance, attention and general suitability. 

4. The magneto is an efficient, reliable, self contained unit, which is often preferred for aircraft engines 
because storage batteries are heavy and troublesome. 

5. Firing order is the order in which various cylinders of a multi-cylinder engine fire. The firing order is 
arranged to have power impulses equally spaced, and from the point of view of balancing. 

6. Ignition timing is the correct instant for the introduction of spark near the end of compression stroke in 
the cycle. The ignition timing is fixed to obtain maximum power from the engine. 

7. The main function of a spark plug is to conduct the high potential from the ignition system into the 
combustion chamber. It provides the proper gap across which spark is produced by applying high voltage 
to ignite the combustion chamber. 

8. A cold spark plug has a short heat transfer path and a small area exposed to the combustion gases, as 
compared to a hot spark plug. 

9. In modem automobiles, the following two types of electronic ignition system are employed : 

(i) Transistorised coil ignition (TCI) system ; 

(ii) Capacitor discharge ignition (CDI) system.» 


OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say “Yes” or “No”: 

1. Ignition is only a pre-requisite of. 

2. A spark energy below 10 millyoules is adequate to initiate combustion A / F ratio 12-13 :1. 

3. Battery ignition system is rarely used. 

4. A ballast resistor is provided in series with the primary winding to regulate.current. 

5. In a battery ignition system the sparking voltage.with increase in engine speed. 

6. The initial cost of battery ignition system is low. 

7. The magneto-ignition system is more reliable than battery ignition system as there is no battery or 
connecting cable. 

8.is a special type of ignition system with its own electric generator to provide the necessary 

energy for the system. 

9. Battery ignition system occupies less space as compared to magneto-ignition system. 

10. The battery ignition system is heavier and requires more maintenance that magneto-ignition system. 


11 .order is the order in which various cylinders of a multi-cylinder engine fire. 

12 .is the correct instant for the introduction of spark near the end of compression stroke in the 


cycle. 

13. The main function of a.. is to conduct the high potential from the ignition system into the 

combustion chamber. 

14. The spark plug must withstand pressures upto at least.bar. 

15. A.plug has a short heat transfer path and a small area exposed to the combustion gases, or 

compared to.plug. 

16. TCI system provides lower output voltage. 

17. TCI system is not much reliable. 

18. In TCI system components are subjected to less wear. 

19. In CDI system a.is used to store the energy, induction coil is not used. 

20. In CDI system, the output voltage is relatively independent of engine speed. 


/ 
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internal combustion engines 


answers 


1 - combustion 
6 . Yes 
11. Firing 
16. No 


2 * Yes 3. No 

7 ’ Yes 8 . Magneto 

12 . Ignition timing 13. spark plug 
17 * No 18 . Yes 


4. primary 
9. No 
14. 55 

19. capacitor 


5. decreases 
10. Yes 
15. cold, hot 
20. Yes. 


theoretical questions 


1. 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 
9. 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16. 
17. 


Sat “eT- ^ “T 7 ? H ° W “ “ related “combustion- ? 

En,fm! , r^ eD Igniti ° n 6yStem for “ I-C. engine ? 

numerate the basic ignition systems and describe any of them 

Stir,^ T h l hB h6lP ° f 8 “** Sk6tCh 3 batter y ignition system. 

S.I.en^e ^^“^^“d-ondensermthe battery ignition system of a mutli-^linder 

St d7 “ rerenC " 5 betWee " batter y “d magneto-ignition systems ? 

Differentiate between hot spark plug and cold spark plug. 

Explain briefly spark advance mechanisms. 

Explain briefly with a neat sketch the Transistorised coil ignition’ (TCI) system 

does capacitive discharge ignition system' differ from ‘ Transistorised coil ignition system' ? 
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Engine Friction and Lubrication 


14.1. Introduction. 14.2. Total engine friction. 14.3. Effect of engine parameters on engine friction. 
14.4. Determination of engine friction. 14.5. Lubrication-Definition and objects—Behaviour of a 
journal in its bearing-Properties of lubricants—Additives—Types of lubricants. 14.6. Lubrication 
sys ems Introduction Wet sump lubrication system—Dry sump lubrication system—Mist 
lubncation system-Lubrication of different engine parts—Lubrication of ball and roller bearings- 
Oil filters. 14.7. Crankcase ventilation—Highlights—Objective Type Questions—Theoretical 
Questions. 


14.1. INTRODUCTION 

• In an I-C. engine almost all machine parts have relative motion and rub against each 
other. To reduce this rubbing action lubrication is required, which increases the life of 
engine. The purpose of lubrication in I.C. engine is generally two-fold : (i) To reduce the 
rubbing action between different machine parts having relative motion with each other; 
(n) To remove the heat generated inside the cylinder. 

• Engine friction is defined as the difference between the indicated power (I.P.) (power 
developed inside the engine) and the brake power (B.P.) (power available at the crank¬ 
shaft) i.e. 

Frictional power, F.P. = I.P. - B.P. jy 

• It is impossible to totally remove all the friction loss but it can be reduced by using 
ubrication between the parts which have relative motion with each other. Increase in 

friction is ultimately dissipated as heat to the cooling water and it further increases the 
pump and fan power requirements also. 

• The frictional resistance between two moving parts having relative motion is mostly 
dependent on the following factors : 

— Lubricating oil properties 
— Surface condition 
— Materials of the surfaces 
— Rate of relative motion 
— Nature of relative motion 
— Quantity of lubricating oil. 


14.2. TOTAL ENGINE FRICTION 


,, C u The dl ff erence between I.P. and B.P. is known as total engine friction loss. This includes 
the following losses : 

1. Direct frictional losses 2 . Pumping loss 

3. Blowby losses 4 Valve throttling losses 

5. Combustion chamber pump loss 6 . Power loss to drh^the auxiliaries. 
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It includes bearing losses (main bearing, camshaft bearing), piston and cylinder friction loss 
etc. In reciprocating I.C. engines the frictional losses are comparatively higher. 

2. Pumping loss : 

• In four-stroke cycle engines an ample amount of power is used during intake and ex¬ 
haust processes (Fig. 14.1). 




Fig. 14.1 

• The pumping loss is negligible in two-stroke cycle engines since the incoming fresh mix¬ 
ture is used for scavenging the exhaust gases and charging the cylinder. 

3. Blowby losses: 

These losses are caused due to the leakage of combustion products past the piston from the 
cylinder into the crankcase. 

— These losses depend upon the inlet pressure and compression ratio , 

— These losses increase directly with compression ratio but get reduced with an increase in 
engine speed. 

4. Valve throttling losses : 

• The standard practice for sizing the exhaust valve is to make them a certain percentage 
smaller than the inlet valves. This usually results in an insufficiently sized exhaust 
valve and hence, results in exhaust pumping loss. 

— If due attention is not given to the valve size, valve timing and valve flow coeffi¬ 
cients there may be a substantial loss with the increase in engine speed. 

• The inlet throttling loss occurs due to the restrictions imposed by air cleaner, carburet¬ 
tor venturi, throttle valve, intake manifold and intake valve. All these restrictions lead 
to pressure loss. Similarly some pressure loss is necessary to exhaust the combustion 
products. 
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5. Combustion chamber pump loss : 

This type of loss is caused due to the pumping work required to pump gases into and out of the 
pre-combustion chamber. Its exact value depends upon the orifice size (connecting the fore-combus¬ 
tion chamber and the main chamber), and the speed. Higher the speed greater is the loss and smaller 
the orifice size greater is the loss. 

6. Power loss to drive the auxiliaries : 

In order to drive auxiliaries such as water pump, oil pump, fuel pump, cooling fan and gen¬ 
erator some power is needed. This is also considered as loss since a part of engine power developed 
is used for these purposes. 


14.3. EFFECT OF ENGINE PARAMETERS ON ENGINE FRICTION 

Following parameters exercise their influence on engine friction as described below : 

1 . Stroke-to-bore ratio 2 . Cylinder size and number of cylinders 

3. Piston rings 4 . Compression ratio 

5. Engine speed 6 . Engine load 

7, Cooling water temperature 8 . Oil viscosity. 

1. Stroke-to-bore ratio 

• The effect of this parameter on engine friction and economy is not very significant. 

• Lower stroke-to-bore ratio tends to decrease i.m.e.p. Its lower value reduces the friction 
losses as the surface area decreases with decreasing stroke-to-bore ratio with the same 
value of the stroke volume. 

2. Cylinder size and number of cylinders : 

• When a smaller number of large cylinders are used, the friction and economy improve. 
This is owing to the fact that the proportion between the working piston area and its 
friction producing area, i.e. circumference is reduced. 

• Fig. 14.2 shows the effect of number of cylinders on the variation of friction for the same 
piston displacement. 




81 _!_I_ -1 

1 3 5 7 9 


Number of rings —► 


Fig. 14.2. Effect of number of cylinders Fig. 14.3. Effect of number of rings 

on friction. on piston friction. 

3. Piston rings: 

effect of number of piston rings on friction is not significant as the selection depends on 
e engine size, lightness required and material used for the rings. It is obvious from Fig. 14.3 
that generally 3-rings provide best fuel economy. 


i 

| 

\ 
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4. Compression ratio: 


The frictiondl mean effective pressure increases as the compression ratio is increased. But 
the mechanical efficiency may even increase because of improvement in i.nue.p. 


5. Engine speed : 

The mechanical friction increases with the increase in 
speed. From Tig. 14.4. It is evident that there is nearly linear 
variation in f.m.e.p. with speed. 

6. Engine load: 

When the load on the engine increases, the i.m.e.p. also 
increases and friction loss also increases. However this increase 
in friction loss is compensated by decrease in viscosity of the 
lubricating oil due to higher temperature resulting from in¬ 
creased load. 



r.p.m.-► 

Fig. 14.4. Effect of speed on 
engine friction. 


7. Cooling water temperature : 

• The rise in cooling water temperature 
reduces the frictional loss as the viscos¬ 
ity of oil at higher temperature is lower 
which reduces the frictional loss. 

8. Oil viscosity : 

Higher the viscosity of oil greater is the fric¬ 
tion loss. As the oil temperature increases, the vis¬ 
cosity decreases and friction losses are reduced 
during a certain temperature range as shown in 
Fig. 14.5. If the temperature exceeds a certain 
value the local film is destroyed causing metal-to- 
metal contact. 



Oil temperature (°C)-> 


Fig. 14.5. Effect of oil temperature on friction. 


14.4. DETERMINATION OF ENGINE tRICTION 

The engine friction can be determined by the following five methods : 

1 . From I.P. and B.P. measurements 

2. Morse test 

3. Willian’s line method 

4. Motoring method 

5. Deceleration method. 

For details please refer to chapter 17. 

14.5. LUBRICATION 

14.5.1. Definition and Objects 

Lubrication is the admittance of oil between two surfaces having relative motion. The 
objects of lubrication may be one or more of the following : 

1. To reduce friction between the parts having relative motion. 

2. To reduce wear of the moving part. 

3. To cool the surfaces by carrying away heat generated due to friction. 
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4. To seal a space adjoining the surfaces. 

5. To absorb shocks between bearings and other parts and consequently reduce noise. 

6 . To remove dirt and grit that might have crept between the rubbing parts. 

14.5.2. Behaviour of a Journal in its Bearing 

Fig. 14.6 shows the behaviour of a journal rotating in a bearing, the clearance between the 
two being shown very much exaggerated. The clearance space is supposed ^o be completely filled 
with oil at all times, which is possible by supplying the oil as fast as it runs out. If the shaft does not 
rotate it will sink to the bottom of the clearance space due to the load W, and the journal and 
bearing will touch a^ shown in Fig. 14.6 (a). The way in which the rotating shaft will build up 
pressure in the oil sufficient to separate the surfaces is shown in Fig. 4.16 (6) and (c). As the shaft 
starts to turn it will climb the bearing wall as shown in Fig. 14.6 (6). But as the speed increases, the 
moving journal tends to put oil into th^ wedge shaped area between the shaft and the bearing. As a 
result the oil pressure on right side becomes more than on the left side, and the journal is, there¬ 
fore, forced away from the bearing wall. An equilibrium position is finally reached as shown in 
Fig. 14.6 (c) with the surfaces separated by a film of oil whose minimum thickness is r Q . The magni¬ 
tude of r p and position of the line of Centres in Fig. 14.6 (c) will depend on the load, the fluid proper¬ 
ties of oil, the size and speed of shaft, the clearance and length of the bearing. 



Minimum of film'thickness = r 0 

(a) (b) ( C ) 

Fig. 14.6. Behaviour of a journal rotating in a bearing. 

Irom above, the following points, about the items influencing bearing performance, can be 
concluded : 

1. A slippery bearing material is desirable during starting and stopping, but once the oil 
film is established the bearing material is less important. 

2. Higher is the speed of journal, more will be the oil pulled into the apex of the wedge of oil 
in the clearance space of Fig. 14.6 (c), and as a result, more supporting pressure will be 
developed. 

3. An increase in supporting pressure will increase the oil film thickness r Q and decrease 
the eccentricity e. 

4. If the eccentricity V is decreased, the supporting pressure must decrease because the 
sides of the wedge are mflre nearly parallel. 

5. Oil film thickness r Q is also influenced by changing of clearance. 

Film Lubrication. It is that type of lubrication in which bearing surfaces are completely 
separated by a layer of film of lubricant and that the frictional resistance arises only due to relative 
movements of the lubricant layers. 
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Boundary Lubrication : 

• Under.-tk e hy d r o- d y n am Kr~tondition the oil film supports the load. If the oil film be¬ 
comes thin enough so as not to support the load without occasional metal to metal 
contact then journal friction developed is called boundary friction and the lubrication 
existing in this range is known as boundary lubrication. The word boundary friction is 
used because under this condition journal friction is neither completely dry and not 
completely fluid. In the boundary state, the kind of bearing material, the hardness and 
surface finish of the shaft, as well as type of lubricant all contribute to the amount of 
journal friction. 

• When the load acting on the bearings is very high, the material itself deforms elasti¬ 
cally against the pressure built up of the oil film. This type of lubrication, called elasto- 
hydrodynamic lubrication , occurs between cams and followers, gear teeth, and rolling 
bearings when the contact pressures are extremely high. 

14.5.3. Properties of Lubricants 


The chief qualities to be considered in 

1. Viscosity 
3. Fire point 
5. Pour point 
7. Corrosion 
9. Physical stability 
11 . Neutralisation number 
13. Film strength 


selecting oil for lubrication are : 
2. Flash point 
4. Cloud point 
6 . Oiliness 
8 . Emulsification 
10 . Chemical stability 
12 . Adhesiveness 
14. Specific gravity. 


1. Viscosity 


• It is the ability of the oil to resist internal deformation due to mechanical stresses and 
hence it is a measure of the ability of the oil film to carry a load. A more viscous oil can 
carry a greater load, but it will offer greater friction to sliding movement of the one 
bearing surface over the other. Viscosity varies with the temperature and hence if a 
surface to be lubricated is normally at high temperature it should be supplied with oil of 
a higher viscosity. 

• The viscosity is measured h^jnScosifnel^rThQ important types of viscosimeters are ; 

1 . Saybolt universal viscosimeter I 

2. Red wood viscosimeter ' 

3. Engler viscosimeter 

4. Barbey viscosimeter. 

The unit of viscosity is given as **seconds saybolt ” or **seconds redwood n etc. 

• The present-day method of expressing the rate at which the viscosity of an oil will change 
with temperature is by stating its viscosity index (V.I.). The oil is compared with two 
reference oils having same viscosity at 99°C. One is paraffinic base oil (viscosity changes 
considb'ably with temperature), is arbitrarily assigned an index of zero and the other, a 
napthenic base oil (little change in viscosity with temperature) assigned an index of 100. 

A high viscosity index indicates relatively smaller changes in viscosity of the oil with 
the temperature. 

The higher the viscosity index, the lower the rate at which its viscosity decreases 
with the increase in temperature. Although a high viscosity index is desirable in 
materials and much effort expended in improving the viscosity index of oils by 
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refining, it should be emphasized that viscosity-temperature characteristics are of 
little importance for oils that are to function at approximately constant tempera¬ 
ture, such as turbine oils. 

— Viscosity index of oil is very important where extreme temperatures are encountered. 

• In order to improve the viscosity index of an oil certain compounds, called V.I. improvers, 
are added to it These are long chain paraffinic compounds which enable to obtain an oil 
having easy starting characteristic of thin oils combined with good protection against 
high temperature. 

2. Flash point. It is defined as the lowest temperature at which the lubricating oil will flash 
when a small flame is passed across its surface. The flash point of the oil should be sufficiently high 
so as to avoid flashing of oil vapours at the temperatures occurring in common use. High flash point 
oils are needed in air compressors. 

3. Fire point. It is the lowest temperature at which the oil burns continuously. The fire point 
also must be high in a lubricating oil, so that oil does not burn in service. 

4. Cloud point When subject to low temperatures the oil changes from liquid state to a 
plastic or solid state. In some cases the oil starts solidifying which makes it to appear cloudy. The 
temperature at which this takes place is called the cloud point. 

5. Pour point. Pour point is the lowest temperature at which the lubricating oil will pour. It 
is an indication of its ability to move at low temperatures. This property must be considered be¬ 
cause of its effect on starting an engine in cold weather and on free circulation of oil through exte¬ 
rior feed pipes when pressure is not applied. 

6. Oiliness. This is the property which enables oil to spread over and adhere to the surface of 
the bearing. It is most important in boundary lubrication. 

7. Corrosion. A lubricant should not corrode the working parts and it must retain its prop¬ 
erties even in the presence of foreign matter and additives. 

8. Emulsification. A lubricating oil, when mixed with water is emulsified and loses its 
lubricating property. The emulsification number is an index of the tendency of an oil to emulsify with 
water. 

9. Physical stability. A lubricating oil must be stable physically at the lowest and highest 
temperatures between which the oil is to be used. At the lowest temperature there should not be any 
separation of solids, and at the highest temperature it should not vapourise beyond a certain limit. 

10. Chemical stability. A lubricating oil should also be stable chemically. There should not 
be any tendency for oxide formation. 

11. Neutralisation number. An oil may contain certain impurities that are not removed 
during refining. The neutralisation number test is a simple procedure to determine acidity or alka¬ 
linity of an oil. It is the weight in milligrams of potassium hydroxide required to neutralise the acid 
content of one gram of oil. 

12. Adhesiveness. It is the property of lubricating oil due to which the oil particles stick with 
the metal surfaces. 

13. Film strength. It is the property of a lubricating oil due to which the oil retains a thin 
film between the two surfaces even at high speed and load. The film does not break and the two 
surfaces do not come in direct contact. Adhesiveness and film strength cause the lubricant to enter 
the metal pores and cling to the surfaces of the bearings and journals keeping them wet when the 
journals are at rest and presenting metal to metal contact until the film of lubricant is built up. 


] 
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f 14.5.3.1. Additives 

j ^quiremeXas’lllbriMtoron^The vegetabk^ni 7^ Veget “ ble - Both ofthe “ fulfill some basic 

I conditions, but it is rarely used as it il too L jnie oilThT. T? * Some «*«» 

for all lubricating purposes ** * The minerai oils are very commonly used 

.... - cssrass: ar* 

X. Detergents: 

• Control high-temperature deposits such as gums. 

• If overbased, a detergent acts as effective acid neutraliser, 

f 2 - Dispersants : 

. Control low-temperature deposits such as cold sludge and varnish deposits. 

\ i 3. Anti-wear additives : 

™L p ;T.t“ :r str,n ‘ ,h “«—«— ■«*—....... P . 

• The additives used are : Chlorine and phosphate compounds. 

4. Rust inhibitors : 

• Reduce rusting by acid neutralisation of formation by protective film. 

5. Viscosity index (V.I.) improver : 

• It prevents undue thinning of the oil as the temperature increases. 

Mis arjar ss tsa a ; 01,1 - - - -—»—. 

they are soluble in the oil. molecule polymers are used for the purpose as 

thicking poIymers^Theh'speciafabfiky^^to adopt*to*both s^° W V * SCOaity oiIs within 

tions. y adopt to both summer and winter Condi- 

6, Pour point additives : 

• 2 Cha . n f **• T -lids, due to formation 

ture which first inhibit and then totally St , rUC ' 

pour point of oil by interfering with waxcysZization ^ "*“* 

• Polymerized phenols or esters are used upto 1 percent of the oil for the purpose. 

7. Anti-foam agents : 

l Stoll f0aming ^ CaUSing COiIaPSe 0f bUbbleS due t0 air entrainment. 

• Silicon esters are used as antifoam agents. 
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8. Anti-oridants: 

• Reduce oil oxidation to protect alloy bearings against corrosive attack. 


9. Oiliness improvement: 

• Some substances such as colloidal graphite and zinc oxide when added to the oil are 
valuable in maintaining the oil film. 


14.5.3.2. Oil contamination and sludge formation 

• The lubricating oil after a certain operating period gets contaminated to the extent that 
it becomes unsuitable for further use. The contamination of the oil takes place due to 
oxidation y dilution, water, formation Of carbon, lead compounds, metals, dust and dirt. 
When these contaminants mix with the oil, sludge is formed in an engine. 

• Sludge is a black), brown or grey deposit having the consistency of mud. Its formation 
takes place as a result of operation at low engine temperatures during starting, warming 
up, and idling periods. 


14.5.4. Types of Lubricants 


Most lubricants are oils or greases . However, in special circumstances other fluids like water, 
air etc. and solids such as graphite may perform the function of lubrication. Synthetic lubricants 
are also used occasionally. 


1. Oils: 

The different lubricating oils are : Mineral, Fatty and Synthetic. 

• The mineral lubricating oils are obtained from the residual mass left during crude 
petroleum distillation. In this treatment gasoline, kerosene oil, and gas oil fractions are 
recovered from the distillate. Paraffinic crudes generally give a higher yield of lubricat¬ 
ing oils than napthenic crudes. The residue is subject to vacuum distillation. In several 
cases steam is also introduced into the system. Bubble towers are used for fractionali- 
sation of oil into two or three fractions of different viscosities. 

• Fatty oils from animal and vegetable origin are sometimes used alone but are fre¬ 
quently mixed with mineral oils. The fatty oils exhibit poor keeping quality and un¬ 
dergo decomposition. Fatty oils however, exhibit more oiliness than mineral oils of the 
same viscosity. Non drying oils such as olive oil, castor oil, rapeseed oil, lard and fish oil 
are mainly used for lubricating purposes. They are generally compounded with mineral 
oil to the extent of about 2 to 10 percent in order to increase oiliness of mineral oils. 
Olive oil is employed for lubricating textile machinery, as it can be easily washed out 
from the cloth without leaving any stain. Rapeseed oil is used for making lubricants 
for railway engines , while lard oil is used for producing lubricants for internal combus¬ 
tion engines. Caster oil is usually compounded with heavy mineral oils for making 
extreme pressure lubricants . 

• Synthetic lubricants are named synthetic because they are not obtained directly from 
petroleum. Various applications require oils which will have, for example, a lower point, 
or better viscosity-temperature characteristics, or a higher degree of resistance to oxi¬ 
dation or isothermal decomposition than petroleum derived lubricants do. The synthetic 
lubricants presently in use are classified as : 

(i) Dibasic acid esters ; 

(«) Organo-phosphate esters ; 
dii) Silicate esters ; 

(iv) Silicon polymers ; 

\ 
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(v) Polyglycolethers ank related compounds ; and 
(vi) Fluorinated and chlorinated hydrocarbon compounds. 

Classification of lubricating oils 

• The lubricating oils are normally classified according to their viscosity. The SAE (Soci¬ 
ety of Automotive Engineers) method of assigning number to different oils is used uni¬ 
versally. 

SAE has assigned a number to an oil whose viscosity at given temperatures falls in 
certain range. There are two temperatures used as reference for assigning the 
number to oils - 18°C and 99°C. 

SAE, 5 W, 10 W, 20 W grades are defined in terms of viscosity at - 18°C and are the 
oils which render starting of engine in cold weather easy. SAE, 20, 30, 40 and 50 
grades are defined in terms of viscosity at 99°C ; these oils work satisfactorily in 
normal and hot climates. These numbers are merely used for classification of oil 
according to viscosity and do not indicate the quality of oil since factors like stabil¬ 
ity, oiliness etc. are not considered (by these numbers). 


Table 14.1. SAE classification of Lubricanting Oils 


SAE Viscosity 
Number 

Viscosity Units 

Viscosity Range 

At- 

18*C 

At 99*C 

Min. 

Max. 

Min. 

Max. 

5 W 

(a) Centipoise 

_ 

1200 




(6) SUS 

— 

6000 

_ 


low 

(a) Centipoise 

1200 

2400 

_ 

_ 


(b) SUS 

6000 

12000 

_ 


20 W 

(a) Centipoise 

2400 

9600 

_ 



(b) SUS 

12000 

48000 

__ 


20 

(a) Centistokes 


_ 

5.7 

9.6 


(6) SUS 

—X. 

_ 

45 

58 

30 

(a) Centistokes 

— 


9.6 

12.9 


(b) SUS 


_ 

58 

70 

40 

(a) Centistokes 

— 

_ 

12.9 

16.8 


(b) SUS 

— 


70 

85 

50 

(a) Centistokes 


_ 

16.8 

22.7 


(b) SUS 

— 

— 

85 

110 


• Multigrade oils. It is possible to develop an oil with more than one viscosity at differ¬ 
ent temperatures. Thus an oil may be in SAE-30 grade at 99°C and in the SAE-10 W 
grade at 18°G, oils of this type are known as multigrade oils ; other possible grades 
are : 5 W/20, 20 W/20, 20 W/40. 

Following are the u advantages r> of multigrade oils : 

(i) No necessity to change the oil as per the ambient temperature. 

(ii) Owing to ease of cranking at low ambient temperature the life of battery is extended. 

(iii) Long engine life ; required viscosity is maintained under different operating tempera¬ 
tures. 
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(in) Easy starting and short warming up period. 

(n) Reduced oil consumption. 

(vi) Prolonged mileage between the decarbonisation. 

(vii) Due to execellent thermal and oxidation stability of multigrade oils the engine parts are 
protected against rust, corrosion and wear. 

2. Greases: 

• Lubricating grease is a solid to semi-solid dispersion of a thickening agent in liquid 
lubricant. Other ingredients imparting special properties may be included. 

• Greases are normally used under conditions of lubrication for which oil is not as suit¬ 
able or convenient. Greases preform better than oils under conditions requiring ; 

(£) High bearing loads and shock loads. 

(ii) Slow journal speed. 

(iii) Temperature extremes. 

(in) Cleanliness or avoidance of splash or drip. 

(u) Minimum attention. 

(vi) A sea) against external contaminants. 

(vii) Large bearing clearances. 

The various types of greases used for lubrication are : 

(i) Calcium soap greases ; 

(ii) Sodium soap greases ; 

(iii) Aluminium soap greases ; 

(iv) Mixed soap greases ; 

(u) Barium soap greases ; 

(vi) Lithium soap greases ; 

(vii) Pure petroleum greases. 

14.6. LUBRICATION SYSTEMS 
14.6.1. Introduction 

The main parts of an engine which need lubrication are as given under : 

(i) Main crankshaft bearings. (ii) Big-end bearings. 

(iii) Small end or gudgeon pin bearings. (iv) Piston rings and cylinder walls. 

( y ) Timing gears. (pt) Camshaft and camshaft bearings. 

(vii) Valve mechanism. (viii) Valve guides, valve tappets and rocker arms. 

Various lubrication systems used for I.C. engines may be classified as : 

1. Wet sump lubrication system. 

2. Dry sump lubrication system. 

3. Mist lubrication system. 
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14.6.2. Wet Sump Lubrication System 

returns back to the sump after serving the purpose. ^ a y 

(a) Splash system : 

• This system (Fig. 14.7) is used on some small four stroke stationary engines In this case 

when a the°c V h ° f COnnectin ? rods are Provided with scoops which 

when the ™ne ctmg rod is m the lowest position, just dip into oil troughs and thus 

direct the 01 through holes in the caps to the big end bearings. Due to splash of oil i 

- h :: the0W T POr * IOn of the < * Iinder wa)ls . crankshaft and other parts requiring 
lubrication. Surplus oil eventually flows back to the oil sump. Oil level in the troughs is 
maintained by means of a oil pump which takes oil from sump, through a filter 



Fig. 14.7. Splash system. 

* f„ P '! Sh r SySt6m % S “ ta ^ le f ° r h “> and medium speed engines having moderate bearing 
load pressures. For high performance engines, which normally operate at high bearing 
pressures and rubbing speeds this system does not serve the purpose. 
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(6) Semi-pressure system : 

• This method is a combination of splash and pressure systems. It incorporates the ad- 
vantages of both. In this case main supply of oil is located in the base of crank chamber. 

u is drawn from the lower portion of the sump through a filter and is delivered by 
means of a gear pump at pressure of about 1 bar to the main bearings. The big end 
bearings are lubricated by means of a spray through nozzles. Thus oil also lubricates 
the cams, crankshaft bearings, cylinder walls and timing gears. An oil pressure gauge 
is provided to indicate satisfactory oil supply. \ 

• The system is less costly to install as compared to pressure system. It enables higher 

earing loads and engine speeds to be employed as compared to splash system. 

(c) Full pressure system : 

• In this system, oil from oil sump is pumped uraer pressure to the various parts requir¬ 
ing lubrication. Refer Fig. 14.^The oil is drawn from the sump through filter and pumped 

y means of a gear pump. Oil is delivered by the pressure pump at pressure ranging 
from 1.5 to 4 bar. The oil under pressure is supplied to main bearings of crankshaft and 
camshaft. Holes drilled through the main crankshafts bearing journals, communicate 
oil to the big end bearing and also small end bearings through hole drilled in connecting 
rods. A pressure gauge is provided to confirm the circulation of oil to the various parts. 
A pressure regulating valve is also provided on the delivery side of this pump to prevent 
excessive pressure. 



Fig. 14.8. Full pressure system. 

• This system finds favour from most of the engine manufacturers as it allows high bear¬ 
ing pressure and rubbing speeds. 

• The general arrangement of wet sump lubrication system is shown in Fig. 14.9. In this 
case oil is always contained in the sump which is drawn by the pump through a strainer. 

\ 

\ 

\ 
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Fig. 14.9. Wet sump lubrication system. 

14.6.3. Dry Sump Lubrication System 

• Refer Fig. 14.10. In this system, the oil from the sump is carried to a separate storage 
tank outside the engine cylinder block. The oil from sump is pumped by means of a 
sump pump through filters to the storage tank. Oil from storage tank is pumped to the 
engine cylinder through oil cooler. Oil pressure may vary from 3 to 8 bar. 

• Dry sump lubrication system is generally adopted for high capacity engines. 


Vent 



Scavenging 

pump 



Fig. 14.10. Dry sump lubrication system. 
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14.6.4. Mist Lubrication System 

• This system is used for two stroke cycle engines. Most of these engines are crankcharged, 

i.e. y they employ crankcase compression and thus, are not suitable for crankcase lubri¬ 
cation. 

« These engines are lubricated by adding 2 to 3 per cent lubricating oil in the fuel tank. 
The oil and fuel mixture is induced through the carburettor. The gasoline is vaporised ; 
and the oil in the form of mist, goes via crankcase into the cylinder. The oil which 
impinges on the crankcase walls lubricates the main and connecting rod bearings, and 
rest of the oil which passes on the cylinder during charging and scavenging periods, 
lubricates the piston, piston rings and the cylinder. 

• For good performance, F/A ratio used is also important. A F/A ratio of 40 to 50 : 1 is 
optimum. Higher ratios increase the rate of wear and lower ratios result in spark plug 
fouling. 

Advantages : 

1. System is simple. 

2. Low cost (because no oil pump, filter etc. are required). 

Disadvantages : 

1. Some lubrication oil will burn and cause heavy exhaust emissions and deposits on piston 
crown, ring grooves and exhaust port and thus hamper the good performance of the en¬ 
gine. 

2. Since the lubricating oil comes in contact with acidic vapours produced during the com¬ 
bustion process, it rapidly loses its anti-corrosion properties resulting in corrosion dam¬ 
age of bearing. 

3. The oil and fuel must be thoroughly mixed for effective lubrication. This requires either 
separate mixing prior to use or use of some additive to give the oil good mixing character¬ 
istics. 

4. Owing to higher exhaust temperature and less efficient scavening the crankcase oil is 
diluted. In addition some lubricating oil burns in combustion chamber. This results in 5 
to 15 per cent higher lubricant consumption for two stroke engine of similar size. 

5. As there is no control over the lubricating oil, once introduced with fuel, most of the two 
stroke engines are over-oiled most of the time. 

14.6.5. Lubrication of Different Engine Parts 

1. Lubrication of main bearings : 

• The main bearings are lubricated satisfactorily with the help of a ring (or chain) type 
feeder. 

• The ring oiling system is shown in Fig. 14.11. It consists of a ring which is bigger in 
diameter than the shaft. There is one groove at the bearing cap and the ring is placed on 
the shaft. The lower part of the ring is dipped into an oil reservoir. Due to the rotation 
of the shaft, the ring rotates at a slower speed and carries the oil from the reservoir to 
the bearing. This system works on the principle of adhesion. In this system the lubricat¬ 
ing oil can be fed only when the shaft is rotating. Instead of rings, sometimes chains are 
also used. 
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internal combustion engines 


Bearing cap 



Filling hole 


Opening 


Fig. 14.11. Ring oiling system 

2. Lubrication of cylinder and small end bearing of connecting rod : 

• The cylinder, small end bearing (gudgeon pin), 
valve gear pins, rocker shaft, crankpins etc. are 
lubricated by drip system. 

• In drip system oil is fed to machine parts drop 
by drop, from an oil cup. Although it is not an 
efficient method yet it is often the most con¬ 
venient way of lubricating the external parts of 
engines and machines. Valve gear pins, rocker 
shafts, main bearings of small engines, crank- 
pins, cross head pins, line shaft bearings, and 
many other machine and engine parts are lu¬ 
bricated in this fashion. 

Fig. 14.12 shows a drop feed oil cup. It comprises of 
an oil reservoir or cup made of glass. At the top of the cup 
tnere is an opening called filling hole through which the 
lubrication oil is poured into the cup. The oil enters into 
the inner chamber through the openings and it falls drop 
by drop due to gravity by the nozzle. The passage of oil 
through the nozzle is controlled by a needle valve. A sight 
feed glass is provided to see the drops of oil. 

3. Lubrication of crank and gudgeon pin 

M £■«”.' fSEZZ S,™*; .ha <* of 4. 



Nozzle 


Sight feed 
glass 


Fig. 14.12. Drop feed oil cup. 
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Trough 


\ 

Fig. 14.13. Splash lubrication system. 

Note. Grease cup method is used for lubricating rocker arms and reciprocating parts with a jerkey 
motion. It is also employed on parts that are not readily accessible and can be lubricated only at fairly long 
intervals. 

14.6.6. Lubrication of Ball and Roller Bearings 

^The ball and roller bearings are lubricated for the following purposes : 

L To reduce friction and wear between the sliding parts of the bearing. 

2 . To prevent rusting or corrosion of bearing surfaces. 

3. To protect the bearing surfaces from water, dirt etc. 

4. To dissipate the heat. 

For lubricating the ball and roller bearings, generally oil or light grease is used. Only pure 
mineral oil or a calcium-base grease should be used. If there is a possibility of moisture contact, 
then potassium or sodium base greases may be used. Another additional advantage of the grease is 
that it forms a seal to keep out dirt or any other foreign substance. The temperature should be kept 
below 90°C and in no case a bearing should operate above 150°C. 

14.6.7. Oil Filters 

All the lubricating oil (used for lubrication purpose) from the oil sump, must pass through 
an oil filter before it is supplied to the engine bearings. Bearings maintain very close tolerances 
and are likely to be damaged by any foreign abrasive material entering the lubrication line. 

The filter arrangement may be of the following two types : (i) By-pass type ; (») Full-flow 

type. 

L By-pass type filter arrangement : 

• In this arrangement only a small portion of the lubricating oil is passed through the 
filter and the remaining lubricating oil is directly supplied to the bearings by the oil 
pump at pre-set pressure, determined by the pressure regulating valve. Consequently a 
portion of the oil is continuously filtered. 

• Since quantities of oil flowing through filter are small, a very fine filter or a special filter 
impregnated with resin to avert disintegration due to moisture is used. Such a fine 
paper/filter will remove all harmful contaminants. 

2. Full-flow type filter arrangement: 

• In this filter arrangement whole of the oil is filtered before it is supplied to various- 
bearings. Thus, the size of the filter is comparatively large. 

• In this case, it is hardly possible to remove very fine particles because of high pressure 
required to pump oil through such filters. 

• All the lubricating oil, in normal course, should be filtered approximately every half 
minute. A pressure relief valve is used to prevent excessive pressure build up after a 
cold start. 
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14.7. CRANKCASE VENTILATION 

Crankcase ventilation is required owing to the following two reasons : 

(t) The various contaminants such as water, gasoline, blowby gases etc. enter the crankcase 
due to several reasons, and may cause sludge and corrode metal parts. 

(«) To relieve any pressure build-up in the crankcase which may cause leakage of the crank¬ 
shaft seal. 

In practice, following two types of ventilation systems are used : 

1 . Open system 2. Closed system. 

1. Open system : 

• In this system, fresh air'supply is inducted into the crankcase during the compression 
stroke (due to creation of small vacuum). The entering air picks up the contaminants 
(water vapour, gases and H 2 S0 4 vapour) and discharge them to the atmosphere during 
expansion stroke. 

• The main disadvantage of this system is that the natural ventilation is quite inadequate 
during idling or running at low speeds. 

2. Closed system : 

• In closed system the fresh air supply is taken to the crankcase from the carburettor. 

• Air cleaner and the breather outlets are connected to the intake manifold through a 
PCV valve to ensure the burning of all the crankcase gases in combustion chamber. 


HIGHLIGHTS 


The difference between I.P. and B.P. is known as total engine friction loss. 

Lubrication is the admittance of oil between two surfaces having relative motion. 

Film lubrication is that type of lubrication in which bearing surfaces are completely separated by a layer 
of film of lubricant and that the frictional resistance arises only due to relative movement of the lubri¬ 
cant layers. 

If the oil film becomes thin enough so as not to support the load without occassional metal-to-metaL 
contact then journal friction developed is called boundary friction and the lubrication existing in this 
range is known as boundary lubrication. 

Viscosity is the ability of the oil to resist internal deformation due to mechanical stresses and hence it is 
a measure of the ability of the oil film to carry a load. 

The mineral oils are very commonly used for all lubricating purposes. 

Lubricating grease is a solid to semi-solid dispersion of a thickening agent in liquid lubricant. 
Lubrication systems are classified as follows : 

(i) Wet sump lubrication system 

( ii ) Dry sump lubrication system --— 1 

(Hi) Mist lubrication system used for two stroke engines. 

\ 


OBJECTIVE TYPE QUESTIONS 


Fill in the blanks or Say "Yes” or “No”: 

1. Engine friction is defined as the difference between I.P. and. 

2. The pumping loss in two-stroke cycle engines is quite significant. 

3.losses are caused due to the leakage of combustion products past the piston from the cylinder 

into the crankcase. 
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of the pre-combustion chamber. 

8. The effect of number of piston rings on friction is not S ^" fe increase d. 

9 The frictional mean effective pressure mcreases as the compression 
lo’ The mechanical friction.with the increase m speed 

11. The rise in cooling water temperature ... ...... the fnctaonal los^ 

12. When the load on the engine increases, the >.m.e.p. also mcreases. 

13. Higher the viscosity of oil lower is the tn^oa^ __ ^ 


14.is the admittance of oil between two surfaces ^^"'"tre completely separated by a 

\l .lubrication is that type of lubrication m which bearing surfaces ar P 


15 ‘ SMSresistance arises only due to relative movement of the 

lubricant layers. itself deforms elastically against the pressure 

16. When the load on the parings is verylugfc “ m* “^lubrication. 

buUt up of the oil film. Tins type of lubncafronu caUed mechanica l stresses andhence His a 

17 is the ability of the oil to resist mternal deformation due 

measure of the ability of the oil film to carry a load. 

18. The viscosity is measured by. 

19. A more viscous oil can carry a greater load ofan oilw iU change with temperature. 

20.is the method of expressing the rate at whi . .. , ^ oil ^th the temperature. 

21. A low viscosity index indicates relatively smaller , iU flash when a small flame is 

22 . p0 int is the lowest temperature at which the lubncatmg 

passed rithe lowest temperature at which o,l burns -tmuously. 

s —■**-• 

oq qnecific gravity is a measure of density of oil. 

«•. cuiiRon easters are used as anti foam agents. 

32 .is a black, brown or grey deposit having the cons.sten^ o mu^ tro i eum distillation. 

33 The mineral lubricating oils are obtained from the residue mass left during cru 

34 ^ system is used on some small four-sfroke stationary engrnes. 

35. Semi-pressure system is a combination of splash tveneines . 


36 ..sump lubrication system is generally adopted for high capacity engin 

37 __lubrication system is used for two-stroke cycle engines. craakcas e from the carburettor. 

38. In.crankcase ventilation system fresh air sapp y is crankcase during the com, 

39 . .. crankcase ventilation system fresh air supply is inducted m 




answers 

A M 5. Yes 

1. B.P. 2. No 3. Blowby 4. No 10 . increases 

, 7 Yes 8. Yes * 

6. decrease «• Ies 




Visit: www.Civildatas.com 











































Visit: www.iLivilfHHSBBWF 

480 


11. 

16. 

20 . 

25. 

30. 

35. 

40. 


reduces 12. Yes 

elasto-hydrodynamic 

viscosity index 21. No 

Oiliness^ 26. emulsification 

Yes 31. Yes 

Yes 36. Dry 

Yes. 
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13. No 
17. viscosity 
22. Flash 
27. Adhesiveness 
32. Sludge 
37. Mist 


14. lubrication 
18. viscosimeter 
23. Fire 
28. Yes 
33. Yes 
38. closed 


15. Film 
19. Yes 
24. Pour 
29. mineral 
34. Yes 
39. open 


THEORETICAL questions 


1 . 

2 . 


4. 

5. 


How is ‘engine friction’ defined ? 

State the importance of engine friction. 

motion is dependent” ^ ^ frictl0nal resist *nce between two moving parts having relative 

Discuss the components into which the total engine friction can be divided 
Explain briefly the following; ea 

(i) Direct frictional losses 
(ii) Valve throttling losses 

(Hi) Combustion chamber pump loss 

(iy) Blowby losses. 

«) St^k e ft° fthe f0ll0Wing engine P aramet ^ on engine Motion : 

(t) Stroke-to-bore ratio /■•* « .. , 

(Hi) Piston rings Cylinder size and number of cylinders 

(«) Engine speed Compression ratio 

/.••v n .. (w) Engine load 

(vii) Cooling water temperature * 

Enumerate tbe methods by which engine friction can be dZIed. 

Define the term ‘lubrication’. 

What are the objects of lubrication ? 

Discuss the behaviour of a journal in its bearing. 

Explain briefly the following: 

(i) Film lubrication * 

(ii) Elasto-hydrodynamic lubrication 

(iii) Boundary lubrication 

(i) Viscosity 

(if.) Oiliness (« Flashpoint 

( 0 ) Neutralisation number 

What are additives? W Adhesiveness. 

What do you understand by ‘oil contamination and sludge formation’ » 

How are lubricating oil classified ? 

What are “Multigrade oils” ? What are their advantages 7 
What is a grease ? 

What is the importance of lubrication in I.C. engines ? 

21. Wiere^Tdry'stmip hjbricathin^^ten^prefbrred midivhy ?* Ca ^ 0n SyS ‘ em With 0,6 hel » ° fa neat ***• 


7. 

8 . 

9. 

10 . 

11 . 


12 . 

13. 


14. 

15. 

16. 

17. 

18. 
19. 
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22 . 

23. 

24. 


25. 


What is the role of lubricating oil filters of automobile engines ? 
How the lubrication of two wheeler is done ? 

Explain briefly “Mist lubrication system". 


What are the various desired properties of a lubricant ? Explain how additives 
sired properties ? 


help to achieve the de- 


26. 



Explain briefly “Elasto-hydrodynamic lubrication” and “Boundaiy lubrication" 

What do you understand by full-flow type and by-pass type oil filters ? When one is preferred over the 
What do you understand by “crankcase ventilation” ? 

What is the difference between open crankcase and dosed crankcase systems ? 
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Engine Cooling 


15.1. Necessity of engine cooling. 15.2. Areas of heat flow in engines. 15.3. Gas temperature 
variation. 15.4. Heat transfer, temperature distribution and temperature profiles—Heat transfer— 
Temperature distribution—Temperature profiles. 15.5. Effects of operating variables on engine 
heat transfer. 15.6. Cooling air and water requirements. 15.7. Cooling systems—Air cooling system— 
Water-liquid cooling system. 15.8. Components of water cooling system—Highlights-Objective 
Type Questions—Theoretical Questions. 


15.1. NECESSITY OF ENGINE COOLING 

In an I.C. engine, the temperature of the gases inside the engine cylinder may vary from 
35°C or less to as high as 2750°C during the cycle. If an engine is allowed to run without external 
cooling, the cylinder walls, cylinder and pistons will tend to assume the average temperature of the 
gases to which they are exposed, which may be of the order of 1000 to 1500°C. Obviously at such 
high temperature ; the metals will loose their characteristics and piston will expand considerably 
and sieze the liner . Of course theoretically thermal efficiency of the engine will improve without 
cooling but actually the engine will sieze to run. If the cylinder wall temperature is allowed to rise 
above a certain limit, about 65°C, the lubricating oil will begin to evaporate rapidly and both cylin¬ 
der and piston may be damaged. Also high temperature may cause excessive stress in some parts 
rendering them useless for further operation. In view of this, part of the heat generated inside the 
engine cylinder is allowed to be carried away by the cooling system. Thus cooling system is provided 
on an engine for the following reasons : 

1. The even expansion of piston in the cylinder may result in seizure of the piston. 

2 . High temperatures reduce strength of piston and cylinder liner. 

3. Overheated cylinder may lead to preignition of the charge, in case of spark ignition engines. 

4. Physical and chemical changes may occur in lubricating oil which may cause sticking of 
piston rings and excessive wear of cylinder. 

5. If the cylinder head temperature is high the volumetric efficiency and hence the power 

output of the engine is reduced. ' 

Thus engine cooling is required to keep the temperature of the engine low in orderd^TauoidT^ 

,(i) Loss of volumetric efficiency and hence power ; 

(ii) Engine seizure ; 

(Hi) Dangei^of engine failure. 

• Almost 25 to 35 percent of total heat supplied in the fuel is removed by the cooling 
medium. 

• Heat carried away by lubricating oil and heat lost by radiation amounts to 3 to 5 per 
cent of the total heat supplied. 

It must be noted that heat carried away by the coolant is a dead loss because not only 
no useful work can be obtained from it but a part of the engine power is also used to 
remove this heat. Hence, it is of paramount importance that this loss is kept minimum 
by the designer. 
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Table 15.1 gives the heat balance of prime movers. 

Table 15.1. Heat Balance of Prime Movers 




% of Fuel energy 


S. No. 

Prime mover 

To power 

To coolant 

To exhaust 

To radiation 

Total 

1. 

4-stroke S.I. engine 

26 

30 

32 

12 

100 

2. 

Diesel engines: 







C i ) 2-stroke 

30 

21 

37 

12 

100 


(ii) 4-stroke 







(a) Naturally 
aspirated 

31 

26 

30 

13 

100 


(6) Turbo-charged 

35 

22 

29 

14 

100 

3. 

Gas turbine: 







(i) Simple cycle 

15 

— ' 

70 

15 

100 


(ii) Regenerative 
cycle 

15 

— 

65 

20 

100 


Demerits of overcooling. Overcooling of the engine is harmful because of the following 
reasons : 

1. At very low temperature, starting of engine becomes difficult. 

2 . Due to overcooling, engine life is reduced due to corrosion. 

3. If the engine is overcooled some of the heat which could be used to expand the gases will 
be lost . 

4. The fuel will not vaporise properly and some of the gases produced by combustion will 
condense on the cylinder walls. This leads to dilution of the oil in the pump and the 
addition of harmful corrosive acids. Removal of the oil film from the cylinder wall by 
unvaporised fuel leads to increased cylinder bore wear. 

5. Inadeque lubrication of the engine, due to oil not being warm enough to flow freely, 
results in greater frictional losses. 

In general, due to overcooling the economy and life of the engine is reduced. 

Demerits of undercooling: 

The following are the demerits of undercooling : 

1 . Undercooling can cause engine seizure , or at least-shorten valve life and possible dis¬ 
tortion of the cylinder block head or gasket. 

2. A hot-spot inside the combustion chamber may be sufficient to cause pre-ignition, i.e. 
to ignite the fuel before the spark plug does, thus causing loss of power and possible 
damage to the engine components. 

3. Water in cooling system may boil and evaporate, and should the oil film burn away 
additional friction and wear will occur between cylinder and piston. 



Visit: www.Civildatas. 


























484 


INTERNAL COMBUSTION ENGINES 






uf HEAT FLOW ] 

* sissrcfis d s,‘,° r-f-» 

1«W» stroke ,„d th, "»*’.¥ T.’S" “ *■«»! 

and expansion processes the heat transfer takes nl f*’ dunng the combustion 

• The h„ combustion *,« ^ J L a, 7» **“ “ “* 

«) Cylinder liner Weir heat to the following components : 

Hi) Piston and piston rings 

(iii) Cylinder head 

(iv) Exhaust valves and exhaust ports. 

' “St° f o“’o“ i’e^T'.S? ‘ h * mUm ^ “»• “ “ * dtae. 

*00, ottkoo ,H, oooaSST- «»* *« ■*« 

15.3. GAS TEMPERATURE VARIATION 

gases inside the engine cy^nder- 63 ° f ^ there 1S an a PP reciable temperature difference of 
I t tt r be f nn 7 0findu ; tion str ° ke the temperature is that of clearance gases. 

- During the expansion process the temperature decreases and tW a 

idly during the release process aecreases and then drops very rap- 

- In actual engines, there is some temperature drop during the exhaust process. 



Fig. 15.1. Gas temperature variations 


for one cycle of 4-stroke 


engine. 
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> 


Fig. 15.1 shows the gas temperature variations for one cycle (of a 4-stroke engine) and two 
clearance 1 gas ratl ° S ^ ‘ 1 9 ! fixture of 


15.4. HEAT TRANSFER, TEMPERATURE DISTRIBUTION AND TEMPERATURE PRO- 

r ILLS 

\. 

15.4.1. Heat Transfer 

Following are the processes by which heat transfer takes places : 
na , f^oction.‘Conduction’ is the transfer of heat from one part of a substance to another 
ITlf At samesubstance, or one substance to another in physical contact with it, without 
appreciable displacement of molecules forming the substance. 

the fluid°wiIh C a7rhe?' I1 ' eCii0n ’ * ^ ° f ^ ^ 3 fluid by mixing ° f one P ortion of 

Aifhr-/ Uel or !' atu .^ c °™ection. It occurs when the fluid circulates by virtue of the natural 

Wa,7 f 7 denS1 f tles „ of h0 ‘ and cold fluids - The denser portions of the fluid move downward 
because of the greater force of gravity, as compared with the force on the less dense. 

convection**^ COnvectwn ' When the work is done to blow or pump the fluid, it is said to be forced 

conduc«7nr7 n ’ R “ dlaU ™. is bhe transfer of heat through space or matter by means other than 
• onvection. This phenomenon is not very significant with regard to reciprocation I.C. 

engines. 1 

• Atleast 95 per cent of the heat transfer between the working fluid and engine components 
and the engine components and cooling fluid is effected by “Forced convection". 
The transmission of heat per unit time from a surface by convection is given by : 

Q =hA(t 1 - f 2 ) 

where ’ Q = Quantity of convective heat transferred, 

h = Coefficient of convective heat transfer, 

A - Area of surface, and 

(*i “ ^ 2 ) ~ Temperature difference between the fluid and the surface. 
The units of coefficient of heat transfer are : 


h = - 


Q 


w 


= W/m 2 K 


A{ti -t 2 ) m 2 K 

mav he^fnff^A ° f COnVecti ; a heat transfer known as film heat transfer coefficient) 

fluid and 7 aS th r am ° unt of heat transmitted for a unit temperature difference between the 

velocdifs IT/*™ ° f , SUrfaC * ln Unit tirae The value of ' h ' de Pcnds on the types of fluids, their 
unon If n temperatures dimensions of the pipe and the types of problems. Since 'K depends 

a dim aCt °f’ d 1S dlfficult t0 frame a sin gle equation to satisfy all the variations, however 

a dimensional analysis gives an equation for the purpose which is given as under : 


l m- ) 


Set 

k 


fj 


...(15.1) 


or 


where, 


Nu = Z(Re)° (P r) b 



Nu = Nusselt number 
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= Reynold’s number 


Re 


Pr = Prandtl number 



Refer Fig, 15.2. 

Let, h ~ Heat transfer coefficient from hot fluid to metal surface, 

h b - Heat transfer coefficient from metal surface to cold fluid, and 
k ^Thermal conductivity of metal wall. 

The equations of heat flow through the fluids and the metal surface are as follows : 

Q = K A ^ t a~ t 1 > 

^ kA (fj - t 2 ) 

- 

Q - h b A (f 2 — t b ) 

By rearranging the equations (£), (ii) and ( iii ), we get 

Q 


— = Diameter to length ratio, 

C = A constant to be determined experimentally, 
c p = Specific heat at constant pressure, 
k = Thermal conductivity, 
p = Density, 

p = Dynamic viscosity, and 
V = Velocity. 

The overall heat transfer coefficient : 

While dealing with the problems of fluid to fluid heat transfer across a metal boundary, it is 
usual to adopt an overall heat transfer coefficient U which gives the heat transmitted per unit 
area-unit time per degree temperature difference between the bulk fluids on each side of the 

metal. 


...(£) 

...(££) 

,..(iii) 

...(iv) 
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'*“kA 


t 2 ~t b - 


Q 

h h .A 


...GO 

...(ui) 


Adding equations (iv), (u) and (vi), we get 

t*-h = Q 


h„ . A kA h b . A 


A(t & -t b ) 

** 1 x 1 


n a k h b 

If U is the overall coefficient of heat transfer then 

Q = VA (f a -* £ 5 ) = 


...(15.2) 


A(t a -t b ) 
h a k h b 


U-- 


1 


lxl 

— + — + — 

K k h b 


...(15.3) 


It may be noticed from the above equation that if the individual coefficients differ greatly in 
magnitude only a change in the least will have any significant effect on the rate of heat transfer. 

15.4.2. Temperature Distribution 

Since piston cylinder liner and cylinder head come in direct contact with hot combustion 
gases, therefore, these components are subjected to very high temperatures. The temperature 
distribution 




Fig. 15.3. Temperature distribution. 
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—r r “‘ “ wI "" ■"“ '“ d 10 “Sssiisr"' ° f 

15.4.3. Temperature Profiles cresses. 

' 5s££r *• -*-*«• p— bml ^ 



perature of the metal 
plate on the gas side 

^ = Mean surface tem¬ 
perature of the metal 
plate on the coolant 
side. 


(a) 


(b) 


Fig. 15.4. Temperature profiles across cylinder barrel wall. 

— It can be observed (from the Fid 15 4) that tw • 

the ‘boundary layer' of gas on the inner cylinder VaT TV* . tei ? perature fal1 ** 
conductivity of the rather stagnant sas i ^ al ^. Th,s « due to ue/y low 

which acts as a protective layer that I.C* engine is feasible Stagnant layer of gas 
In case of air cooling (Fig 15 4 u j 

great resistance, but the effect of thifis comt^7 3S ° n the gas side offers 
surface areas byway Of cooling pi £“ COmpensated lar ^)y by providing more 

• In case of water cooling (Fig 15 a h) tho*. • 1 , 

coolant on the outside of the^ylinder wall OwW° ? b ,° u * dary la ^ er of liquid 
the resistance of this bounda^ layer is sman TV° hlg \ conducti vity of water, 
drop in temperature occurs. SmaU and as such comparatively small 

terns (air and water ' argely the same in both the cooling sys- 

tially the same with either type of cooling system^ ^ transfer from degases should be substan- 
® Heat transfer from bot tn 'i 

nucleate boiling when heat flux is highlit" 15 ^^ P ' ace . by f ° rced convection or by 

rounded by gas and coolant films, andalsothe lariat 2* (metaI) wal1 «** 

coolant side. variation of temperature from gas side to 

layer). On the codanfside^s^thl wlte'r fdL 6 ’ 1 ” (SlagMnt gas layer) and oil film (lubricating oil 


Visit: www.Civildatas.com 


ENGINE COOLING 


^89 



Fig. 15.5. Schematic diagram of heat transfer. 

The general equation for heat transfer, using overall heat transfer coefficient, can be writ¬ 
ten as : 

Q = UA (T g - T c ) 

where, U = Overall heat transfer coefficient, W/m 2 K, 

A = Surface area, m 2 , 

T g = Gas side temperature, K y and 
T c = Coolant side temperature, K. 

The overall heat transfer coefficient U is given by 

U - ^ 

± L 1 ...(15.4) 

h g k h c 

where, h g - Heat transfer coefficient on gas side, W/m 2 K, 

h c = Heat transfer coefficient on coolant side, kJ/m 2 K, 
h = Thickness of the cylinder wall, m, and 
k = Thermal conductivity, W/mK. 

The maximum rate of heat transfer to external cooling medium is obtained when the follow¬ 
ing requirements are met with : 

(i) The thickness of the gas film is minimum ; 

(u) The surface film of oil is minimum ; 

(iii) Best conducting materials like aluminium and its alloys are used ; 

(iv) The wall of the cylinder is of no greater thickness than strength and wear consideration 
require ; 

(v) The external temperature is as low as possible relatively to the cycle mean temperature 
of the cylinder contents ; 

(uj) Surface deposits such as those of carbon which deposit on piston crown, corrosion and 
scale due to hard water etc. are reduced to minimum. 
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internal combustion engines 

15.5. EFFECTS OF OPERATING VARIABLES ON ENGINE HEAT TRANSFER 

1. Compression ratio ; 

• Fig. 15.6 shows that, in general, as the compression ratio increases, there is marginal 
reduction in heat rejection. 


300 


200 


100 


6 7 

Compression ratio - 


Fig. 15.6. Effect of compression ratio on heat rejected from the engine. 

— As the compression ratio is increased the gas temperature near the T.D.C. in¬ 
creases slightly only. But due to greater expansion ratio, there is considerable 
decrease in gas temperature near the B.D.C. where large cylinder wall is exposed. 
Due to greater expansion the exhaust gas temperature is also reduced to a much 
lower value, and the heat rejected during blowdown is also less. 

2. Fuel-air ratio : 

• Air-fuel ratio, inlet temperature and exhaust pressure are the only variables which 
appear to influence gas temperature {tj, it is illustrated in Fig. 15.7. 



Relative foel-air (F/A) ratio-► 

Fig. 15.7 



/ 
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0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Relative fuel-air (F/A) ratio -► 

Fig. 15.8 

— The temperature of cylinder gases spid the flame speed are affected by F/A ratio 
changes. 

— At relative F/A ratio of 1.12 maximum mean gas temperature occurs, and maxi¬ 
mum heat rejection takes place. 

It is worthnoting that at leaner mixtures more heat is rejected and the engine has a ten¬ 
dency to overheat. 

3. Ignition timing : 

When the spark advance is different from the optimum value the heat rejected to cooling 
system is increased. It is due to the fact that any value of the spark advance other than the 
‘minimum spark advance’ for best torque will reduce the power output in S.I. engines resulting in 
rejection of more quantity of heat. 

4. Load and speed : - C£ 

• In the case of fakfT engines the mass of air inhaled remains same, only fuel supplied is 
increased with the change of load. This leads to excessive temperature of gases in the 
cylinder with increase in load. In case of S.I. engines the temperature variation is not 
much with changes in load. 

• Gas temperatures remain at a higher average with increased speed. If the load is 
constant, the heat input per cycle with the fuel increases with speed, atleast in the 
upper range, because of increased friction loss. 

There is an increase in temperature of piston with speed. 

15.6. COOLING AIR AND WATER REQUIREMENTS 

• Fig, 15.9 shows the distribution of heat loss in for a four-stroke engine with respect to 
L / D (stroke / bore) ratio. 

• Fig. 15.10 shows the amount of heat rejected to the coolant for small automotive diesel 
and petrol engines with cast iron and aluminium cylinder heads (as dependent on 
speed). 
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Pig. 15.9. Distribution of heat-loss in four-stroke engine. 





▼ UA lULlO J 


Cooling air requirements : 

sentaUv^yperyprim'Tmc^erB. reqUlren,ents for air-aoofed radiator aystem of repre- 

~ ””' h -»*«-. 
than naturally aspirated diesel engines. 6 1686 eneine re( J uires less cooling air 
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\ 


0 50 100 150 200 250 300 


Rated-power, kW-► 


Fig. 15.11. Cooling air requirements. 


Cooling water requirements. As is evident from Fig. 15.10, the heat rejected to the 
coolant greatly depends on the type of the engine. It can be seen that for a small high speed engine 
the heat rejected m the coolant can be as high as 1.3 times the B.P. developed, while for an open 
chamber engine it is only about 60% of the B.P. developed. 

The quantity of water (QJ required for cooling is given by 


where, 




Q 


Z x B.P. 
AL 


...(15.5) 


~ Permissible increase of temperature of cooling water, and 
Z = Constant which depends upon fuel consumption and the compression ratio. 

The heat flow to water jackets, on an average, is about 4200 kJ/kW-h for large engines 
and 500 to 5700 kJ/kW-h for small engines. 

Large heat stress is avoided if the temperature rise is limited to 10-12°C. 

The outlet cooling water temperature for various types of engines is as follows : 

For large engines . about 50°C 

For medium engines . 60 to 65°C 

For automobile engines ... 80°C. 


15.7. COOLING SYSTEMS 

There are mainly following two methods/systems of cooling I.C. engines : 

1. Air cooling 

2. Water/liquid cooling. 

7.1. Air-Cooling System 

In this system, heat is carried away by the air flowing over and around the cylinder. 
Here fins are cast on the cylinder head and cylinder barrel which provide additional 
conductive and radiating surface (See Fig. 15.12). The fins are arranged at right angles 
to cylinder axis. The number and dimensions should be adequate to take care of the 
surplus heat dissipation. From all points of view, the truncated conical Fin with rounded 
edges, as shown in Fig. 15.13, accomplish the purpose. 

/ 

/ 


i 

T _ 


15. 
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A fairly good relationship for fin proportions is as follows : 

L as 0.35 D \p - 0.10 D\r - 0.018 D ; b = 2 to 2.5 mm. 
where L, D> p , r and 6 are fin length, cylinder diameter, fin pitch, rounded edge radius and width 
at the fin tip respectively. 



/ 
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* engine) 14 Sh ° WS 8 W6 " desi « ned Pooled cylinder (the Bristol "Mercury” S.I. 

- It is worth noting that the fin surface area which is function of fin height and 
spacing decreases down the cylinder compared to the fin surface area in the cyhn 
der head compnsing the exhaust valve space and spaces between the valves. 

The effective valve cooling requires methods of conducting the heat from the 
valve head to the cylinder, imposed guides and metal; also to the lower part of 
operating under cooler air conditions. In order to enhance h f 

he heads 1 1 ^ ^ Pr3CtiCe ° f “ aki ^ valve stem and even 

^lowis becoming popular in large engines. The hollow stem is filled 
with sodium, which melts at 97°C and boils at SS0«C. Thus at valve operating 
temperatures, the valve is filled with conducting material. Perating 

Applications. Air cooling system is used in the following engines * 

*■ <. »<*h, 

*' ‘SfT',Slr m “ Ura ‘T ~ '» ■ »"*•« 4M. ,,, 0 , 

Advantages : 

h Jan 6 hfjZ Z beCOmeS SimpIer as n ° water jackets are required. The cylinder 

S j nCe °^ C00 ^ n ^ P^P es » ra diator etc. makes the cooling system simpler 

3. No danger of coolant leakage etc. 

4 ' JoIX'ne. 1101 SUbj6Cted 10 fr6eZing tr0UWeS etC ' USUa, ’ y enc °" of water- 

5. The weight per B.P. of the air-cooled engine is less than that of water-cooled engine 

^ «—1 -Ponents 

7. Installation of air-cooled engines is easier. 

8. The control of cooling system is much easier than in water-cooled system 

• deposits ° n — 

U - JyIinIT UP performance of air-cooled engine is better, this results in low wear of 
Disadvantages : 

1. Their movement is noisy. 

2. Non-uniform cooling. 

3. The output of air-cooled engine is less than that of a liquid-cooled engine 

4. Maintenance is not easy. 

5. Smaller useful compression ratio. 

6 ' tlVerlZef efHdenCy ° f “ air - C °° led eng “ e iS l0Wer due * Wgh cylinder head 
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..L8. t Viua'?w> f K 4, wjW'ra^S^ 1 ^fc 1 M.i^cP95i5^S-^^§fl^igeb flow LaoiqyJ ft ewoda M.gI .gi'? 9 

In this method of cooling engines, the cylinder walls and heads are ffe®fgtesd with jackets 
bn^te>pgh YflP?fr q^j§irg^^ grinder walls to the" 

the jackets 
^quid in turn is 

%ft?*&uS3wbnoD *\o aboA^sm aansupdf gnslooo auinu suiioiflfa odT — 

V> ^oc\ ^ 9 «oi^ following charac- 

9 rfj 90flBfIn9te^iKfo : flI .anoit’ibnod *un *^ood *isbnu .^hmsqo mate sutau sAv 
nova bne xnoi^lbfciV sfSPr^pgr^t-^rjOj 9 f f 3 t 9 vfftv dajjjsdxa 9 rfl do xlrviJorjhnoo 
MVA si ^^V^^^igK'iJodin^poia^fil ni 'mlnqoq gnimoood ai iwoUoA ahead arfj 
garter oqo svta$ Avlarg^ladteTifchdat ©fvkporisatioft. in aitem AoiAui ( raui!ooa Aiiin 
(iv) Non-cdfWsiVd: snitaukttoo rljjw holhd si svlsv odi t eo*xjjJftroqifi 9 i 
(u) Easily ^dlj^a^y^ildllabPefii haan ai maiays gnilooo r<A .anoiJeoiiqqA 
lA^ms oi Wxmy { ptit8SZs&8S r Jtfmge tprSpefititiS] y‘dt\dc-i&mdfftlyemgdoyhddn 'iigi^oticibim^ $>& tern. 

Role of anti-freeze solution in water-coolin^jf^di&*WB£&‘' ftfeffe&pne is kept in 
\o ^nheafcedtevgks^ndvii is mjtiiajopeiiktkin'fhnd^ie^em^ena&trfis^r&heldiiw-feefein^,. the water in 
the cooling system is liable to get frozen. The solid mass of watensxl&etfo&xpat&ion (10 percent 
increase in volume) may cause fracture of the cylinder block, water jwtf&gsfflflj&jies. The radio * 

n1t> ^ u ~ AmnnnA A *'* i A ™“* - l - t -‘- 7J ~ J water in&xtreme winter 

rrei89D9fiT.T .. 
amowy used anti-freeze 
>Ih to oa OfiD 

rd y.onoi 



(i) Denatured alcohol 

wd®S^ manh * mU 

(u) Sujpr solution 


doiriabboedo 93 no 

00 a alcQhoI 


qiq gnilooa jo aoiraectA .S 

.e 


“’(i ni? Ethyleil^^i^Sdi add pfd^efiiif^Iyfeb^^ S! 


(t^t^cmrn ^r Inagneshiftf 1 cfelSnde 

Lf uniswyft ot boJooii hre ton ai om^ns orfT A 


901^09 1 

tofcro 


• ! 8 operating 

temperatures. Usual practice of warming up ^4^i^i 9 e^j|S6 T 8^^ifiiSling condition 
for about 2 to 3 minutes. This'Vi&pS of fuel 

whbwitloc&mest oiit^of carihirett&n.jjefyuwnd 1 henteiin^redsesifdeh^toJtom^' 8 
ion •H^Undec'j^±dndi^krns^alportiqntof fiael remains mdlwil^iA^ate^athdet^tuck to the 
cold waHBfohk^tciaa^(dd,£Cj 5 Hndecran 4 ^temd^q 1 v^ohand 3 tigfDdtou^aust without 

■r.!u-h offuel ■ 

thereby improving bj)ais , gog ^ gjdT . )[ewiad 

jo tbuw w « iMraFflto 1 !* Hence in 

modern engines, heating of fresh charge during idling is P r 0 £f^f^ 4 J? water-cooled 
engines thermostat prevents water circulation during warm iip period , which again 
reduces the warm up period. t 89$si*ifivfisaKl 

Methods used for circulating water around 1 

Various methods are used for circulating water arounl t to : byITriSfeFaffd'rydinder head. 

These are pcugno boiooo-bujpd ft to 1 ftdr nodi ess I ai enx^no beloos-ijc 10 Jnqiuo ori’T X 

1. Thermo-syphon cooling .vaiss .ion ai eonftnsiniftM .£ 

2 . Forced or pump cooling .oilfti xioiaaoiqmoo Ir/iosu lafisma .5 

hftoii isho3v.Cohlirigwi.th;thermo§;tatic(f^iqtor nfi 'to 70 wihme ohismnlov sdT .5 

4. Pressurised water cooling .aoujisTaqrfisJ 

5. Evaporative cooling. 
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JAH«aTCi 





to qoJ o&t\o7M na^a jy^n&msSns'nB^mlooo tiodGya-minsd? sdJ gvvods 

0 i loiaibefto Emm 

8i rift doirfw ssffeft foiJsS^Jsi odi uwoh alevs'il ioiaW ,ioihs{ isss-rn out r io oxoiicd odl 
ad cir.o mil ft ro noiiom oloiaev oi ouh mslq e>!ftj woil rift edT .ix looo oi bsaaxq 

[ sdi id! bsbivoiq 

aii sub asns^ns ^uqiuo A%\& m 


.rsinui ‘W 

:-:5ssi8s6¥S * a SftRooo fiodqys^i 
.bssqa sni^ns sAU\o insbxrsAi xxo ’ 
rails ylno sirsia roiawlo noitstj ibfBuaiiLbfis ^ 


oj rsis wto won yiivn-p^ *iol dat^na o. 

semio oi bosn gi qrrmq c .maisya 
.onig/io odi moil novhb ilsd si qm. 
anonsbixos Un rsbnu boruans ai ^iiodS 



,uojV>d 9 $ iV&uons 


Heat 

Fi^. r5TI^(a) Principle of thermo-syphon. 


Av\T?.-onvrsAl ftriT • 

$jo!V. ul v^sbdnrii 
Ij r lo aaoiiftiifniJ 
^rriiooo 9.dT (i.) 
do aim orlT (u) 
yai^n9 sxfj 
iy/re ftidT ibi* 
.oni^no 
10 hSD’lo'i? .S 
do noiiftfyorb sviiigoq 
Brn odT .tirsM 

.noslcnaqo *\o 



Upper tank 


n 

Radiator core 


Lower tank 


odJ jxamismurth nletvz , (V) 

Heat is supplied to the fluid in the tank A. The hot fluid travelsiupj'itsplace'beingdaken up 
•im-te gp^M^iXf ;thp t puglii tk$ to^s through the 

pipe^iPipeilota ^^a#eB-?^he^ itrgPt^iCopledriThusGthejfluid ^iroidai'esrithroUghrthei&yetem! in the 

si siiVi' .Fjqoift -,d‘ mil* z&r.ih srdlooo edT =;V>T 

For engine application tank A#eprese&bSiGylind#n:jaGkets~whih ^tank.Birdpneserifts'» radia- 
tor , and water acts as a circulating fluid. In order to ensure that coolest water is always made 
available to cylinder jackets, the water jackets are located at a lower level than the radiator. 
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, • Fig. 15.15(p) shows the thermo-syphon cooling arrangement of an engine. The top of 
radiator is connected to the top of water jacket by a pipe, and the bottom of radiator to 
the bottom of the water jacket. Water travels down the radiator across which air is 
passed to cool it. The air flow can take place due to vehicle motion or a fan can be 
provided for the purpose. 

• The thermo-syphon cooling system cannot be used in high output engines due to its 
inability to meet the requirement of large flow rates of water. 

Limitations of thermo-syphon cooling system : 

(i) The cooling depends only on the temperature and is independent of the engine speed. 

(■ H ) The rate of circulation is slow and insufficient. The circulation of water starts only after 
the engine has become hot enough to cause thermo-syphon action . 

(iii) This system requires that the radiator be above the engine for gravity flow of water to 
engine. 

2. Forced or pump cooling. Refer Fig. 15.16. In this system, a pump is used to cause 
positive circulation of water in the water jacket. Usually the pump is belt driven from the engine. 

Merit. The main advantage of forced cooling is that cooling is ensured under all conditions 
of operation. 



Fig. 15.16. Forced or pump cooling. 

Demerits. 00 The cooling is not temperature dependent. Under certain circumstances, the 
engine may get overcooled. 

(ii) The cooling requirement, while moving uphill, is increased because more fuel is burnt. 
The coolant circulation, however, is reduced which may lead to overheating of the engine. 

(iii) The cooling ceases when the engine stops. This is undesirable since cooling must con¬ 
tinue till the temperatures are reduced to normal values. 
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Comparison of thermo-syphon and forced cooling systems : 


a No. 

Forced system 

Thermo-syphon system 

L 

Circulation of water by a centrifugal pump, belt 

driven from the engine. 

Circulation of water by natural convection. No 
pump is used. 

2. 

Cooling is independent of temperature, but de¬ 
pends upon the engine speed. 

Cooling depends only upon the temperature, and 
is independent of engine speed. 

3. 

Rate of circulation is fast. 

Rate of cooling is slow and insufficient. 

4. 

The circulating water pump needs maintenance. 

Simple, automatic, and no maintenance is required. 

5 

Cooling is ensured under all conditions of opera¬ 
tion. 

The circulation of water starts only after the en¬ 
gine has become hot enough to cause 
thermosyphon action. 

6. 

Radiator position with respect to engine not re¬ 
stricted, can be placed anywhere. 

The system requires that the radiator be placed 
above the engine for gravity flow of water to en¬ 
gine. 

7. 

It is costly. 

It is cheaper. 

a . 

It is widely used. 

It is not widely used. 


3. Thermostat Cooling : 

• Too lower cylinder barrel temperature, may result in severe corrosion damage due to 
condensation of acids on the barrel wall. To avoid such a situation it is customary to 
use a thermostat (a temperature controlling device) to stop flow of coolant below a pre¬ 
set cylinder barrel temperature. Most modem cooling system employ a thermo-static 
device which prevents the water in the engine jacket from circulating through the 
radiator for cooling until its temperature has reached to a value suitable for efficient 
engine operation. 

• Fig. 35.17 shows a systematic diagram of a thermostatically controlled cooling system 
Mbo shown is a typical thermostat (Fig. 15.18). It consists of bellows which are made of 
thin copper tubes, partially filled with a volatile liquid like ether or methyl alcohol. The 
volatile liquid changes into vapour at the correct working temperature, thus creating 
enough pressure to expand the bellows. The temperature at which the thermostat oper 
ates is set by the manufacturers and cannot be altered. The movement of the bellows 
opens the main valve in the ratio of temperature rise, increasing or restricting the flow 
of water from engine to the radiator. Hence when the normal temperature of the engine 
has been reached the valve opens and circulation of water commences. When the unit 
is closed the gas condenses and so the pressure falls. The bellows collapse and the 
thermostat seats on its seat and circulation around thermostat stops. When the ther¬ 
mostat valve is not open and the engine is running the water being pumped rises in 
pressure and causes the pressure relief valve to open. Thus the water completes its 
circulation through the by-pass as shown in Figs. 15.17 and 15.18. Now when the 
temperature of water around the engine-cylinder rises upto a certain limit, it causes 
he thermostat valve to open. The pressure of water being pumped falls and pressure 

the f 7 C tv ' S ° **1® fl ? W of l coolln £ water in the normal circuit commences through 
he radiator. This accelerates the rise of temperature of the cylinder walls and water 
and more power is developed in a few moments of the starting of the engine. 
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Fig. 15.17. Thermostatically controlled cooling syfetti«fU>oC> .tutgomiaJiT 
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I%aby 
utilising the shutter in the radiator in order to restrict the incoming air thrdC^n 3j fHe"^’ 
nodqyrradiatd# to llot)^jewgiwe> warmb rdaftetv' 4he^toitt^r48ioponfedT gffadnally^o'ih at 

the desired rate of cooling is achieved. : mmz ys 

4. Pressuris^di wateti Inoch.1 .aiusq jielo ^nilooo svijjaoq kaa-. yv:1 u) 

n iPUrpbsfr^pT^sUj^r^ vfisue bnohsvo otat sim .11 (U) 

The 

sbivoicj;]^ a*e$f©f ex^csedisiiffacdqBnHaibaanfiivityj^nta^iHgdsJh^sastoqls^diatotepHo^der 
beoiol toxa^aceithsii^erMiraEi^tar^tiieocoehnigsBPteimitsia^Mffifcriteifehm^lh^spheTe, and 
the system ip allowed to be under certain amount of pressure. Tho&J&tjS advantage is 
gsoijbyiahdff oC4&giffa tob&\abstempAratm$^th6^bnil^ou^ntw^^i^hs.\ihsipr^sWe m it 
is raised. This allows a greater heat transfer to occur in the radiatondjm4 Q(j& larger 

bar are commonly use£ .rfgi7sioq«»3 b t ««fllfiod id mIbvV* k ; o! -M 

Method of pressurising t „ , 

• As shown in Fig. 15.19, a cap is fitted on the radiator WiSPt^^^Aiiflf Mff&ty ^alve 
gnrlooowdiitRciseloddeddjy & cooaip^esdinn spriqgvand finvac«nimlMmiWuenithe codiant isacold 
<:)A\ '<mBdfch ^hdf^al^eaddift/i BuOd^Cth^engi n&. v^a*rrisou$^the ^ndlant) itemperabure rises 
.lirinvn Ba til dbvteache^ certdtnresef walu e ;cor rdsponte gpt^ 5 theJ desired pre^snrevwhen the 
?.yo'jj l nsafdtyn^atve hpehsip hofeff the/coolaa^ 4empdrdtureffallsfddwng the> engiHe”dper&tion the 
oa i£>Jnvadjva^rHiclc&fe hgain until^heyifempBWtu^ia^aih^^rj®^to ithe acjuivdlhntvpressure 
value, .gnifooo tol ^foad Joes ai hanrtol 



• When the engine is switche^ / pf$d|Q^it^(^ppl#lll'd : l 0 .^ < l 0wn vacuum begins to form in 

the cooling system, but when the internal pressure falls below atrnospheric the y.acuum 
valve is opened by the highepyutsldd^ffessUrd ?^ a i ns 

atmospheric pressure. ■ 

• A safdi^ivalVeds-ln^or^bfatBdQi^the diSt hnberew 

■sdi iii,flitiwhillssyateimis ? r undeir>prelssqrie, .the. firs| movenierit ofethe cap at once relieves the 

pressure and thus prevents the emission of steam or the blowingmffcthevcap due to 
higher internal pressure. 
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Advantages of pressurised engine cooling over conventional thermo-syphon cool¬ 
ing system : 

Following are the advantages of pressurised engine cooling over conventional thermo-syphon 
cooling system : 

(i) Effective and positive cooling of all parts. Local overheating is avoided. 

(ii) It can take overload easily because as the engine speed increases the water circulation 
also increases, and same effective cooling can be maintained at all the speeds. 

(iii) In thermo-syphon system, the radiator should be kept well above the engine, to provide 
a height for natural circulation. There is no such requirement for pressurised forced 
pump system. 

(iv) With pressurised system the coolant temperature is maintained higher. This reduces 
corrosion. 

(o) Smaller coolant passages can be used. This reduces weight and bulk of the engine. 

(vi) No loss of water by boiling and evaporation. 

5. Evaporative cooling : 

• In this system, also called steam or vapour cooling, the temperature of the cooling 
water is allowed to reach a temperature of 100°C. This method of cooling utilises the 
high latent heat of vapourisation of water to obtain cooling with minimum of water. 
Fig. 15.20 shows such a system. The cooling circuit is such that coolant is always 
liquid but the steam formed is flashed off in the separate vessel. The make up water so 
formed is sent back for cooling. 

• This system is used for cooling of many types of industrial engines. 



Advantages and Lisadvantages of liquid cooling : 

Advantages ; 

1. Compact design of engine with appreciably smaller frontal area is possible. 

2. The fuel consumption of high compression liquid-cooled engine is rather lower than for 
air-cooled one. 


/ 

/ 
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3. More even cooling of cylinder barrels and heads due to jacketing makes it easier to 
reduce the cylinder head and valve seating temperature. 

4. In case of water-cooled engine installation is not necessary at the front of mobile vehi¬ 
cles, aircrafts etc. as the cooling system can be conveniently located wherever required. 
This is not possible in case of air-cooled engines. 

5. The size of the engine does not involve serious problem as far as design of cooling system 
is concerned. In case of air-cooled engines particularly in high horse power range diffi¬ 
culty is encountered in circulation of required quantity of air for cooling purposes. 

6. Volumetric efficiency of water-cooled engines is higher than that of air-cooled engines. 

Disadvantages : 

1. This is dependent system in which supply of water for circulation in the jacket is re¬ 
quired. 

2. Power absorbed by the pump for water circulation is considerably higher than that for 
coolingfans. 

3. In the event of failure of cooling system serious damage may be caused to the engine. 

4. Cost of system is considerably high. 

5. System requires considerable attention for the maintenance of various parts of system. 

6. The performance is weather sensitive. 

7. The warm up performance is poor and has starting problems particularly in cold weather. 
15.8. COMPONENTS OF WATER COOLING SYSTEM 

The components of water-cooling system are enumerated briefly described below : 

1. Water jacket 

2. Water pump 

3. Fan 

4. Thermostat 

5. Connecting loses 

6. Radiators 

7. Radiator cap (pressurised). 

1. Water jacket: 

• The cooling system starts with the water passages, parts and jackets which are usu 1 
ally cast into cylinder blocks and heads in the manufacturing process. Fig. 15.21. 
shows a section of a side-valve engine with arrows indicating heat from the combustion 
chamber being transferred (conducted) into the cooling water passages. 

• Water is universally used as the coolant in the automobiles. Only clean soft water 
should be used. Hard water contains minerals which forms a scale on the inside sur¬ 
faces of the cooling system, reducing its efficiency. Incubators are available to reduce 
or prevent the formation of scale and rust and should always be used as the coolant. 

• Above or below a temperature of 4°C, water expands. In the liquid state this expansion 
can be taken up by the movement of the water into a vacant space, including the addi¬ 
tional volume created by the expansion of the cylinder block. When frozen, the solid 
mass expands and exerts a force against the internal surfaces of the cooling system. 
The result could be a fractured cylinder block or damaged radiator, although the latter 
is less likely, due to the mass of water involved, and engine cracks will be revealed 
when turns back to a, liquid. Antifreeze /others the freezing point of the water and 
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Fig. 15.21. Water jacket. 

gives a margin of safety in cold condition . Hie proportion of antifreeze torinsSftof for 
various degree of protection is usually quoted by the manufacturers. fm#lhyfem-g&ycql 
based antifreeze combined with chemicals to resist corrosion -i 

2. Water pump : ^ sioieibeH .8 

• Water pumps entail the following merits and functio jJJaahtieseiq) qeo loisibeH .V 

(i) Enables more efficient circulation and the radiator can be placedW’^^teW Which 
-nan ne*tessai% f&jthftifoo&tsro#the ve^dte. adT • 

■ xs '6ft B'S mixm a^wtepufe yaiatoa4^d^fea^^4>5%^s^%v«GaftHe engine 

noijaut%ltodd^^i|^isat^^gfi8^io«rff|^ fcftetetabis fi to noiio9a fi sv/orig 

• Water d^gh^om the 

^» S1 ^ranto^^Heypthfedegree ©fibincuiaJ^*^ ioim engine 

-tug 9b*?«fcflldi no steoa £ amiot rfoidw sl/ronim anieinoD isiaw biaH .bsau ad bUsojU 
Mufaw fcnfrelierjtyfKntad widfely/spaceds/ahegpsmthat,shtfuki &HlimpeHeMaiktfce vanes 

,!sm>ioo:wd}hoffekfcttl*d-e^s^ inauaiq io 

the 

ibbti SimPr §£djfeg by the 

bdog or£PP arts 

Tfi9jgyB a ^nm!d^ l ^i l S , *lo sooGiiiig lamsini odi ignis^B oaiot n eJisxo baa abneqx'j aaam 

faols9vo4®W 0 fl»?%»^W!|S!?Sn7i e ^tfei 1 5l l fii e lfe < ^» , Wmi5#tMl)H I %Bg i nA^H s fe9Y^'i heatin g 

^iMiiawssaafflttsc 

casing scraped to remove scale. 
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lofsibsi oT 


bns inamovom onigno rn<J j 

-ssod fiobiBg lalsmaib 9 g; 
39qndg ©dj oi brjbli/omoiq 



ilosimoD 

^ma^/noo io^ 
sldixoR ^oiiaidiv 
yllsrirgho 919W yodT 
aifi bnn won sib SiiBGiqaaonav bne snsiqooVI 

.nothdlclani oiit lol bsniupoi asvnjo bnn 
anignn bnn loietbct odl no yJogiqH ^igi.tt6ffi2itWaTdP|»&ii^.bi)oi'»l on: oaod orlilo abnn adT 

aqifo jufin( ; r, *io sqm/il*) ;/tod yd sociq ni blvd 


3. Fan : 



: ?kmJ ni bail .8 

t}m water 
{(iT ,* . 

ion being 

and the 

9303 10 XOJSI061 . 

the eng- 

nl ,rr 


ne, crankshaft 
, orpe other plastic. As 

llnBJ 190690 903 

• It is important that the fan belt is corr’ectfy adjusied^if it is^?oo v k and 

water pump bearing, may be damaged and excess power absorbed ^ ifit^'tOo^lack the 
efficiency of the cooling system and the dynamo output will ni< * ' "'• i 

• On no account should the engine crankshaft be rotated by the fani^Sia^¥^a9’tkis will 

>s.er wH 

lino li n a ril oi noiJi-jrbei yd bolooo si ii ugSRSHq i<» aoduJ’bj sbsibfurd rigooirli abrmogeb is taw srlj <;A 
odt moTnSfJiP o nA .rrofioonnoo frol iuv.’oI sril bn6 alncj moliod adi fiiv saigas adJ of aniotoi 

• The thermostat is normally fitted either to the cylinder headvwateiwe^ltletlpasssfgeib'e^lIR 

-ni l 'xvam pmwi bi y\ *\o su v>\L 

nvu*is bThe<purposeibf ftps^dfe^ipegsiprirSalrily -toJTestrict the: cirsufetito* ‘of'^teftq'oytinder 'ov 
io'»I.v/c^e-adrandstifSii p®tiodj^Tfaeh^hett i rh l( tlefeigfl^ tfcfSpSratuflfe-is ! i 1 1 
giidoc- )retehedp^3theimostat'6pen&.^d.ithd cfrculatidniyif ivater ffpthd f radiat^ oziov-n 

v ^_n ^fopoi^Pn' $> feii ' n '"' 

pi^tdfrfeffito^n^^aiure ¥dfi^. rj ^nimoiod augBBgnq lis edi yd Lv^r/no gnisd oeifs 
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To radiator 



To water pump 


Water outlet 
pipe 

^Thermostat 
open 


Thermostat- 

housing 



Cylinder 

head 


Thermostat 


To water pump 

Fig. 15.23. Thermostat 


5. Connecting hoses : 

• For convenience of connection and to isolate the radiator from engine movement and 
vibration, flexible hoses are used. 

• They were originally of rubber, reinforced with canvas like large diameter garden hose- 
Neoprene and various plastics are now more suitable and are premoulded to the shapes 
and curves required for the installation. 

• The ends of the hose are forced over the connecting spigots on the radiator and engine 
held in place by bore clamps or spring clips. 

6 . Radiators : 

• The basic requirement of a radiator is to provide a sufficiently large cooling area for 
transmission of heat from the coolant to the air. The construction of the centre of the 
radiator or core varies, but in general the water passages terminate at a header tank at 
the bottom. In addition to an opening which enables the cooling system to be topped up 
the header tank allows for expansion and contraction of the coolant within the system. 

• The principal types of radiator core are : 

(i) Film type 

(ii) Fin and tube 

(iii) Pack type. 

Fig. 15.24 shows a radiator made of thin sheet brass and is typical of most cooling systems. 
As the water descends through hundreds of tubes or passage it is cooled by radiation to the air and 
returns to the engine via the bottom tank and the lower left connection. An overflow pipe from the 
filter neck can be clearly seen. 

Maintenanc^of radiator. Periodically the radiator should be reverse flushed. This in¬ 
volves removing the radiator hoses and thermostat and flushing up through the radiator and down 
through the engine block. In other words flushing in the reverse direction to normal water flow. For 
reverse cases a solution of 0.45 kg. of washing soda to 4.5 litres of water can be used in the cooling 
system, but the system must be fished after the solution has been drained off, and this method 
should not be used for aluminium blocks. Choked core leads to bad circulation and overheating, the 
latter also being caused by the air passages becoming blocked with dirt and dead insects. 
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Fig. 15.24. Radiator. 

7. Radiator cap (pressurised) : 

• The greater the pressure acting on the sur¬ 
face of a liquid, the higher the temperature at 
which the liquid boils. If the cooling system is 
sealed off, the expanding water will increase 
the pressure of air in the header tank ; any 
steam formed will assist in raising the pres¬ 
sure, and in consequence will require a higher 
temperature to cause the water to boil, which 
means that any arduous driving , will not 
result in water loss due to evaporation. 

• Fig. 15.24 shows a radiator pressure cap. A 
safety device is incorporated in the cap to re¬ 
duce the risk of accident when the cap is re¬ 
moved due to hot water a steam being ejected 
under pressure from the radiator. In addition' 
a small lightly-loaded valve operating in re- 




Vacuurn 


Pressure 

valve 

spring 


_ _ _ , r „,_ Q Fig. 15.25. Radiator pressrue cap. 

verse direction to the main valve prevents a vacuum being created in the system as it 
cools down, so preventing collapse or damage to the radiator or the connecting hoses 
in „ , Exam P le 15 -1- Compare the quantity of water required for 90 kW petrol and diesel engines 
2e tl 7 V m tempemture * 27 ° C ln P^ing through the jackets. In petrol engine 
efLin T °f e . nerg yf OLn f t0 coolant ^ 32 percent and in diesel engine 28 percent. The 
efficiencies of petrol and diesel engines are 25 percent and 30 per cent respectively 

Solution. Given : B.P. = 90 kW ; = 27°C ; n = 25%, = 30% 

Petrol engine : 


Efficiency, 


*1 = 


Work developed 

Heat supplied 
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Heat suppliei 


Energy/heat going to cooling 
Also, 

(where, m w - mass of cooling 


Diesel engine : 


Heat supplied $ 

Heat going to cooling wal 
Also, 



ork developed 90 , 

—-— = = 360 kW or kj/s 

TlpetroJ 0.25 

* 115.2 kJ/s 

'A** 

heat of water at constant pressure) 
= 1.019 kg/s or 3668 kg/h. (Ans.) 


kg/s or 2674.9 kg/h. (Ans.) 


ved by the cooling medium. 


1. Almost 25 to 35% of total heat supplied in the fuel is 1 ? 

2. At least 95% of the total heat transfer between the woi 

components and cooling fluid is iSvection” process of heat transfer. 

^ increased adVanCe “ ^ is 

In air-cooling system, heat is cairied-at^>^tWaBf«irtfirigW«(^«4u'K8tttieByBiiaer. Were fins are 
head and cylmde?fcatt^wh«Jn>«>**te amteidiating surface 

of cooling engW¥Jih^nteViifett,<f y rawd^d With jacket through 

can circulated 6 3T>m llrv/ tdLgw gnibnaqxo srii ,71o bslaoe 
lating watmroiitahd odi 

g -eftiq edd gniaiaT n; laissn Iliw beano! ms ala 

^ r/ oling Tsrigid b oiiupsi Iliw ooaaupoanoo ni bos .o'ws 

(iiHW^nS^itin^iermostatic regula^^ v/ *^ oc ^ oi raJaw ssubd o! OTniBiaqmel 
(iv) Pr^SRrrrtSed waterconiine iViOS ^iVuirib ?,J501)inO ynfi Ifidi H0B9iTl 

.-ttorixnoqpus o4 eub aaoi ns Jbi?.sn 

A .quo o'twasoiq loteifan a awoxfa ££.6I .gH & 
si soiveb vjsfrsa 
lo Ash Ofll 50ub 



(iv) PriTSsuriSed water cooling 
OO Evanorativa eoolinr 




gnnqs 


.e Imid mieli b t55bw Tod o.t sub bovom 


Fill in the blanks or Say “Yes” o^Wj&fce ni .loteibBl aril moil auxaaa™ -[ebcw 

f%‘g cylinder healtcSfiperature is Mgh'the 1 OhlttirSBtrie/efftcfenB?<ahUlMgcfe tttarpocter output of the 
h as meig^ngiatem.hslBo'fo g/risd rm/f/ysv b alasvsTq 9 vIbv ntem oAi oJ noilosiib saiav 
. saecjl %/nAlntoet.25Jtil35!p0risnt«ftotal hehegeppliiaiiti SwjfM'is owtinfr mediu m. 

by tadiatioKimwants'to'J 0to35 total heat 

ans^ns UniWPPaed.teiboi^Vj ^uotM ^niasoq ni D°\S -<i 3-,uimsa.-,»l ni \,3&xr\ as ni ff » A-.',,:.,, 

.ij*o^H.ei«Sa CT »^»w43r*si!thei«o«tottea 1 <Je9418S. 3 \ 5« U V>»» o» w »«sV» sjulnw!, ■•At 

5. At veiyiihedi^i^ieratare^^ei^deufdngiaesbpci&nes difficult!! Sstaib Sm» knisq\o taiwsbjfc) 

& Unde«&9mg^ho 5 ten ?i y8& e Ii i fe. eufr ; 0*VS = „i& ; VIA 06- <L3 •. natuO jjoiStilog 

7. The overall heat transfer coefficient gives the heat transmitted per unit arawwiktiiM-erdegree tem- 
perature difference between the bulk fluids oh tJ^fftetal. * 

b‘?ilqqt?a tusH 


(YaaoiofftS 
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8 As the compfas 

btm exi#&rfJlft4itiiarife*ati^<l^^ g&Iip^woH .IX 

10. At relative fuel-air ratio of 1.12 maximum mean gas temperature occurs, arSiaB 0 aiagmnd|«at rejection 

takes place. .nralaya gmiooD- iialo 2agfilnjsvbB3ib brts aageiasvbfi ,enoi JBoilqqn orfJ afruB -SX 

11. When the spark advance is different from . 

13. The.booiol sdl dol^Ia n rttrw nislqx3 .51 

14. Installation of air-cooled jeftgSJ^igiSftSj^ti/pxno aeg&JfiEvbaBib ban 85se ; l fI ® v l )B I snW .91 

15. Air-cooled engip^wp^oji^nilooDlo bodlsm *gmIoco hscteofirrarfr doioda fssn £ dfiw niijIqxS .71 

16. The output of ?B8&9S*lBon b rifrw adrpseCI Ml 

17.mixtures or solutions are added 

below the danger point. yniloqo toJbw bsarmaaei*! (i) 

18. The.cooling system cannot be used in high output engines due to yW^ quirement 

speed. 

20. The.cooling system requires tuav hub x uuiuwi vv mmv. v .... — q-- .- riyr f>o 

6 , „ . .Vaarlooo 9VilBioqfiV9 at JndW .SS 

21. In.cooling there is no loss of water by boiling and evaporation. n OCi 




22 ! ....."cooling utilises thehig^m«m^SK% 8 %fte a 4oW%?®^^ water - 



fans .ni93 aye gmlooo-* 

T badailqnroxB Ji ai woH V moisy? helooo-btupd b gniahuaas'iqlo naoqiuq edi ai JsrTV 


mg 


109991 ni ebsm anoi^tv'iiq odf 821 . 02 ;U V ymonc - j;i ie 


■ ;i i n j git9 .l.G nu iy nijqqu-mifiv/ io Iselia &Aiei IcrT/^ 
ANSWERSo tsqqu-mifiv/ timben ol aanigas .1.3 
9^il sJi/iii nfidom 10 I beyolqmo at mo Jay a gnilooolo bntjl isdW V aetu^n?* .0.1 tdl yiBaaeo^ii gnilooo a* ytf // 
l ?||j^ e ftbrtriv;j dsotgsxi^gjol -laad otft no b^^m* bm.rio 3io^p,0Y^ am -tisrfW ? ayfidcca-^* 

a No 7. Yes a Yes 9. No 

11. increased 12. air ia Fins 14. Yes 

16. less 17. Antifreeze la thermo-syphon 19. temperature 

21. pressurised 22. Evaporative 23. Yes 24. No 


.T£ 

.S£ 


.08 


10. Yes 
15. Yes 

20. thermo-syphon 
25. higher. 


THEORETICAL QUESTIONS 


1. Why is cooling necessary for I.C. engines ? 

2. Why overheating and overcooling of I.C. engines is harmful ? 

3 State the demerits of overcooling and undercooling. 

4. Discuss briefly the areas of heat flow in engines, 
a Explain briefly gas temperature variations for a 4-stroke cycle engine. 

6. Explain briefly with a neat sketches the representative temperature profiles across the cylinder barrel wall 
of S.I. engine. 

7. Explain the effects of operating variables on engine heat transfer: 

, (i) Compression ratio 

( ii ) Fuel-air ratio 
(iii) Ignition timing. 

8. Describe briefly ‘cooling air’ and ‘cooling water’ requirements for I.C. engines. 

9. What is the film coefficient ? On what factors the film coefficient generally depends ? 
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10. What are the two main types of cooling systems ? Where these systems are used ? 

fpacingff fms ? e ? ^ PUI1MSe ° f 41,6 *J"tem ? What - the slZ e and 

12. State the applications, advantages and disadvantages of air-cooling system. 

13. Name the various types of liquid cooling systems. 

14. How is the circulation accomplished in a thermo-syphon system ? What is the draw back of this system ? 
1 . Explain with a sketch the forced circulation system. State its merits and demerits. 

16. What are the advantages and disadvantages of liquid-cooling system ? 

17. Explain with a neat sketch thermostat cooling' method of cooling I.C. engines 
la Describe with a neat sketch the construction and working of a thermostat. 

19. Explain briefly the following methods of water coolings 

00 Pressurised water cooling 
(ii) Evaporative cooling. 

**■ system) 1 ? thC 0perat * on °^ the th ermos‘at? What is the main advantage of using a thermostat in the cooling 

21. What is the advantage of pressurised cooling ? How pressurising is accomplished ? 

22. What is evaporative cooling ? 

2a Compare the merits and demerits of air and water cooling systems. 

24. What is the function of a radiator ? 

25. What are the various type of radiators ? Explain any one in detail. 

26. Explain the role anti-freeze solutions in water-cooling system. 

27. Discuss the advantages of pressurised engine cooling over conventional thermo-syphon cooling 
2a What is the purpose of pressurising a liquid-cooled system ? How is it accomplished ? 

' SX engines toreducewwm-up pe^d" Cn ^ ne econom y ? Discuss the provisions made in recent 

30. Why is cooling necessary for I.C. engines ? What kind of cooling system is employed for mobile units like 
automobiles ? What are the effects of load and speed on the heat loss through pyUnder walk? 


\ 
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Supercharging of I.C. Engines 


o 1 fo 1 M rZ^q! 8UPe ^ Cha T g '. 16 f Superchar B fa e ofS I - engines—Naturally aspirated cycle 
Kimprchoraoa u P erc b® r B e d operation—Comparison of actual naturally aspirated and 

p g engine pressure-volume diagrams—Boost pressure and pressure ratio—The effect 
Sunercha™ r ^perature-Thermodynamic cycle and supercharging power- 

Su^^hzmUofS.1 .mgines. 16.3. Supercharging of C.I. engines-SuperchS li Jits 
Ififi e gl " es '. 16 ' 4 ' Modification of an engine for supercharging. 16.5. Superchargers 
T, arrangements. 16.7. Turbochargers—Introduction—Altitude compensation— 

E™ ™ of turbocharging—Limitations of turbocharging. Worked 

xamples Highlights—Objective Type Questions—Theoretical Questions—UmsolvedExamples 


16.1. PURPOSE OF SUPERCHARGING 

be om^Z^l7 P 7rat^ DS “* "** *** abo " that V ° 1 '* M 

• hml tnTe^ddoT air , pum P; the air consumption permits greater quantities of 

fuel to b e a dd ed. and results m a greater potential output. The indicated power produced 

proportLonal [° the en e™ air consumption. While brake power is not so 
' o y related to air consumption, it is nevertheless, dependent upon the mass of air 
consumed. It is desirable, then, that the engine takes in greatest possible mass of air 

• Three possible methods which might be utilized to increase the air consumption of an 
ongine are . 

1. Increasing the piston displacement, but this increases the size and weight of the engine 

and introduces additional cooling problems. e 1 

2. Running the engine at higher speeds, which results in increased fluid and mechanical 
priction losses, and imposes greater inertia stresses on engine parts. 

3 ' AwTTri,*** densi *y °f the charge, such that a greater mass of charge is intro¬ 
duced into the same volume or same total piston displacement. 

super2lr&nr th ° d **“ 311 of “ e ^e is widely used, and is termed 

Supercharger: 

• The apparatus used to increase the air density is known as a supercharger. It is merely 
a compressor which provides a denser charge to the engine, thereby enabling the con- 

thTZ f great6r maS \° fchaTge with the piston displacement. During 

the process of compressing the charge, the supercharger produces the following effects : 

W Provides better mixing of the air-fuel mixture. The turbulent effect created by the 
supercharger assists m additional mixing of the fuel and air particles. The arrange¬ 
ment of certain types of superchargers, particularly the centrifugal type, also encour- 
ages more even distribution of the charge to the cylinders. 

511 
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internal combustion engines 

(ll) The tem P eratur e Of the charge is raised as it is compressed, resulting in a higher tem¬ 
perature within the cylinders. This is partially beneficial in that it helps to produce 
better vapourisation of fuel (in case of S.I. engines) but deterimental in that it tends 
to lessen the density of the charge. The increase in temperature of the charge also 
effects the detonation of the fuel. 

Supercharging tends to increase the possibility of detonation in a S.I. engine and lessen 
the possibility m a C.l. engine . 

(Hi) Power is required to drive the supercharger. This is usually taken from the engine 
and thereby removes, from over-all engine output, some of the gain in power obtained 
through supercharging. 

Compressors used are of the following three types : 

, . , (i) Positive displacement type used with many reciprocating engines in stationaiy plants, 
vehicles and marine installations. J y * 

, W) se,do ™ used t0 supercharge reciprocating engines, it is widely used as 

the compressor unit of the gas turbines . J 

rnmn I?* <*[ ^dely used as the supercharger for reciprocating engines, as well as 

c °™P ressor for go* turbines. It is almost exclusively used as the supercharger with reciprocating 

rZZ 7 7 rCr t aUSe U “ relativel y U S ht *"d compact, and produces continuous flow 

rather than pulsating flow as in some positive displacement types. 

• A correctly matched supercharger will raise the cylinder’s brake mean effective pressure 
(b.m.e.p.) to well above that of a naturally aspirated engine without creating excessively 
high peak cylinder pressures; the actual increase in the brake mean effective pressure [s 
deliver ^ determmed by the leuel boost P ressu ™ the supercharged system is designed to 

• Large commercial vehicle diesel engines are frequently turbocharged, with the objectives 
of raising b m.e.p. (and therefore torque and power output) and at the same time reducing 
the engine s maximum speed. The other benefits of raising the cylinder mean pressure and 
decreasing the engine s limiting speed is that the engine mechanical losses and noise are 
reduced and there is an improvement in fuel consumption, normally, an added bonus of 
prolonged engine life expectancy. * 

Object of supercharging. The objects of supercharging include one or more of the 
following: 

1. To increase the power output for a given weight and bulk of the engine .relates /to 

aircraft, marine and automotive engines. 

2. To compensate for the loss of power due to altitute .Relates to aircraft and other 

engines which are used at high altitudes. 

3. To obtain more power from an existing engine. 

Effects of supercharging on performance of the engine : 

1. The ‘power output’ of a supercharged engine is higher than its naturally aspirated coun- 
terpart. 

2. The ‘mechanical efficiencies' of supercharged engines are slightly better than the naturally 
aspirated engines. 

3. Inspite of better mixing and combustion due to reduced delay a mechanically supercharged 

otto engine almost always have ‘specific fuel consumption 1 higher than a naturally aspirated 

engine. 
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16.2. SUPERCHARGING OF S.I. ENGINES 

The schematic arrangement for supercharging S.I. engine is shown in Fig. 16.1. 
Fuel 



Fig. 16.1 


The theoretical operating cycles for both the natural aspirated and supercharged petrol engines 
can be compared on pressure-volume (pp) diagrams as shown in Fig. 16.2 and 16.3 respectively. The 
larger upper loop is a measure of the positive power developed in the cylinder while the lower loop 
represents the negative power needed to fill the cylinder with fresh charge. 

16.2.1. Naturally Aspirated Cycle of Operation. Refer Fig. 16.2. 




Fig. 16.2. Theoretical naturally aspirated Fig. 16.3. Theoretical supercharged petrol 

petrol engine (constant volume) engine (constant volume) pressure- 

pressure-volume diagram. volume diagram. 

• “The large area enclosed in the upper loop (2-3-4-5-6-2) is proportional to the useful work 
performed by combustion on the.piston whereas the small loop area (0-1-2-7-0), which is 
below the atmospheric line, is a measure of the work done in inducing the fresh charge 
into the cylinder . 

• The four phases of the naturally aspirated engine's cycle are represented as follows ; 

Induction 0 to 1 

Compression : 1 to 3 

Power ; 3,4 and 5 

Exhaust : 5,6 and 7 

16.2.2. Supercharged Cycle of Operation. Refer Fig. 16.3. 

• With this pressurised charged system the large upper loop area (1-2-3-4-1) represents a 
measure of the work done in moving the piston to and fro so that the crankshaft rotates. 
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Conversely, th esmall loop area (0-1-5-6-0) which is above the atmospheric line represents 
the work done in pumping the fresh charge into the cylinder. , 

• The four phases of the supercharged engine’s cycle of operation are represented as 
follows : 


Induction 

Compression 

Power 

Exhaust 


Oto 1 
1 to 2 
2, 3 and 4 
4, 5 and 6. 


16.2.3. Comparison of Actual Naturally Aspirated and Supercharged Engine 
Pressure-Volume Diagrams 

Fig. 16.4 shows a direct comparison of how the actual cylinder pressure varies relative to the 
cylinder’s swept volume for both a naturally aspirated and a supercharging petrol engine with wide- 
open throttle. 



T.D.C. B.D.C. 

Swept volume —► 


Fig. 16.4. Comparison of actual naturally aspirated and supercharged 
petrol engine pressure-volume diagrams. 

— The two enclosed loops show th^the lower compression stroke part of the curves 
for the supercharged engine is higher than for the naturally aspirated engine, whereas 
the peak cylinder pressures for the supercharged engine are only marginally higher. 

— However, th emain advantage gained by supercharging the cylinders is that the vertical 
distance between the upper and lower curves for the supercharged engine is greater 
throughout the cylinder swept volume, which indicates that the mean effective pressure 
is greater. 

— Finally, the loop area enclosed by the supercharged engine is much larger, the 
proportional difference being a measure of the increased power in the supercharged 
engine. 

16.2.4. Boost Pressure and Pressure Ratio 

• Boost pressure refers to the gauge pressure recorded when the air or mixture supply has 

passed through the supercharger. 
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• Pressure ratio is the ratio of absolute pressure to that of the atmospheric pressure. 

(Here, absolute pressure = boost pressure + atmospheric pressure) 

The intensity of supercharging can be broadly classified as follows : 


S. No. 

Particulars 

Degree of charging 

Naturally aspirated 

Low 

Medium 

High 

1 . 

Boost pressure 
(bar) 

0.0 and below 

0.0 — 0.5 

o 

7 

o 

1.0 and above 

2 . 

Pressure ratio 

1.0 and below 

1.0 —1.5: 1 

1.5 —2.0 : 1 

2.0 and above 


16.2.5. The Effect of Pressure Ratio on Air Charge Temperature 

The relationship between supercharger pressure ratio increase and air charge temperature 
is shown in Fig. 16.5, where it can. be seen that as the boost pressure increases, so does the discharge 
air temperature. The lower curve shows the theoretical temperature rise with increased pressure 
ratio, whereas the band between the lower and upper curves is the working, temperature variation 
likely to be encountered due to the turbulence and friction resistance generated by the compression 
process. 



Pressure ratio —► 


41 ' Fig. 16.5. Relationship between charge temperature and boost 

pressure ratio if heat is not dissipated. 

Thus the minimum compression air temperatures with an intake temperature of 20°C for 
pressure ratios 1.2,1.4,1.6,1.8, 2.0 and 2.2 are 35.7°C, 49.5°C, 62°C, 73.6°C, 84°C and 94°C respec¬ 
tively. In practice, with compressor efficiencies of the order of 60-75% and the churning, turbulence, 
and frictional factors, the actual output air charge temperature can be considerably higher, particu¬ 
larly at the higher boost levels. 


Visit: www.Civildatas.com 































516 


INTERNAL COMBUSTION ENGINES 


16.2.6. Thermodynamic Cycle and Supercharging Power 
an ideSttowt™ thenn0dynamic Cyde of a surcharged I.C. engine on thep-o diagram for 

P 



Fig. 16.6. Thermodynamic cycle of supercharged engine onp-v diagram for an ideaLotto cycle. 

. The pressure pj represents the supercharging pressure and p 6 is the exhaust pressure 
• The thermodynamic cycle, consists of the following processes ■ 

* “ “* —»—« *—» 

Hi) 1-2. Isentropic compression. 

(iii) 2-3. Heat addition at constant volume (for diesel cycle, this will be replaced by a 
constant pressure process, representing heat addition at constant pressure. 

Hv) 3-4. Isentropic expansion. 

4-1-6. Heat rejection at constant volume (blow down to atmospheric pressure). 

6-7. Driving out exhaust at constant atmospheric pressure. 

The thermodynamic cycle for the supercharger consists of the followingprocesses : 

(0 7-6-8. Admission of air at atmospheric pressure. 

Hi) 8-1. Isentropic compression to pressure p v 
HU) 1-0. Delivery of supercharged air, at a constant pressure p v 

• Area 8-6-7-0-1-8 represents the supercharger work (mechanically driven) in supplying 
am at a pressure p v whde the area 1-2-3-4-1, is the output of the engine. Area 0 16 7-0 
represen s th egatn tn work during the gas exchange process due to supercharging. Thus 
7*1 f supercharger work is recovered. However,'the work represented by the area 
X b o 1 cannot be recovered and represents a loss of work. 

Supercharging power: 

Refer Fig. 16.7. 

Pv u i> T 1 = Initial conditions of air at entry to the supercharger; 

P 2 , u 2 , T 2 = Final conditions of air at.exit from the supercharger.’ 


r 
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Work in 


Air in-►. 



> Air out 


Pi.v t ,T 


p 2t v 2l T 2 


Fig. 16.7. Steady flow process. \ 

Assuming adiabatic compression of air, the work done on the supercharger per kg of air is 
given by 

W = - Judp = h 2 -h 1 






"A 


. Yll 


^adi. 


where, r| fldi is the adiabatic efficiency of the supercharger/compressor. 

Power required to drive the supercharger (P) is then given by, 

.Izl 

m a CpTi 


P=- 


^adi. 


te)’- 


kW 


where, m a - Amount of air in kg/s supplied by the supercharger, and 
c p = Specific heat of air in kJ/kg K. 

This power may be supplied by : 

— Gas turbine driven by the exhaust gas energy of the engine. 

— Separate drive by motor or any other prime mover driving the supercharger. 

— Connecting the supercharger to the engine output shaft. 

In all the above cases the gain in the power output of the engine would be many times the 
power required to drive the supercharger f compressor . 

Important points worth noting regarding supercharging of S.I. engines : 

• Supercharging (of S.I. engines) is employed only for aircraft and racing car engines, due 
to the fact that the increase in supercharging pressure increases th etendency to detonate 
and pre-ignite. 

• The supercharged petrol engines have a greater fuel consumption than naturally aspirated 
engines. 

• Increased intake pressure and temperature reduces ignition delay and increase flame 
speed. The increased flame speeds make the petrol engine more sensitive to fuel-air ratio 
and engine cannot run on weak mixtures without knock. Rich mixtures are used to control 
detonation, which further increases the specific fuel consumption of the engine. 

• Supercharging of petrol engines, because of poor fuel economy, is used in the following 
cases: 

— When a large amount of power is needed, or 
— When more power is needed to compensate altitude loss. 
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internal combustion engines 

Note. In highly supercharged engine, knocking can be controlled by injection of water in the combustion 
chamber (however use of large amount of liquid becomes prohibitive). Alternatively the tharge may be cooled 
before it is fed to the engine. 

16.2.7. Supercharging Limits of S.I. Engines 

It is primarily the 'knock' which chiefly limits the degree of supercharging in S.I. engines. The 
knock limit is dependent upon the following factors : 

(t) The type of fuel used ; 

( ii ) Mixture ratio ; 

(Hi) Spark advance ; 

(ji>) Design features of the engine (important being cooling systems and valve timing) 

It has been observed that for volatile petroleum fuels of high octane number the knocking 
and pre-ignition tendency is reduced at very rich and very lean mixture, and that the 
fuels of same octane value have different response to supercharging. In the case of alco¬ 
holic fuels the knock is reduced at rich mixtures (because of the cooling effect of high 
latent heat of these fuels). 

Very lean and very rich mixtures give non-knocking operations. The strongest knocking , 
however, occurs near chemically correct mixtures. The use of rich mixture results in a 
i f onsum Pti° n f° r a supercharged engine though knocking is control¬ 

led). A slight reduction in lean mixture makes the engine operation irregular and inter¬ 
mittent. 

— The ignition timings and thermal load on the engine affect the knock limit ofS.I. engine. 
The ignition must be retarded at high intake pressure and temperature. 

• In general, supercharger pressure of 1.3 to 1.5 bar is used, which corresponds to about 30 
to 50 percent supercharging. 

16.3. SUPERCHARGING OF C.I. ENGINES 

Fig. 16.8 shows,the schematic arrangement and p-v diagram for a supercharged constant 
pressure (diesel) cycle. 

• Unlike S.I. engines supercharging does not result in any combustion problem, rather it 
improves combustion in diesel engine . Increase in pressure and temperature of the intake 
air reduces significantly delay and hence the rate of pressure rise resulting in a better, 


Fuel 
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Fig. 16.8. Supercharging C.T. engine. 

quieter and smoother combustion. This improvement in combustion allows a pour quality 
fuel to be used in a diesel engine and it is also not sensitive to the type of fuel used The 
increase in intake temperature reduces volumetric and thermal efficiency but increase in 
density due to pressure compensates for this and intercooling is not necessary except for 
highly supercharged engines. 

• If an unsupercharged engine is supercharged it will increase the reliability and durability 
of the engine due to smoother combustion and lower exhaust temperatures. The degree of 
supercharging is limited by thermal and mechanical load on the engine and strongly 
depends on the type of supercharger used and design of the engine , 

16.3.1. Supercharging Limits of C.I. Engines 

The supercharging limits for a C.I. engine (unlike S.I. engine where the limits of supercharg- 
ing are due to combustion) is reached by thermal loading . The very high temperature of the piston 
and cylinder causes scuffing of piston rings and heavy liner wear. 

der ^ k een °k serve( l that load on bearing is increased due to increased pressure in the cylin- 

The main considerations in limiting the degree of supercharging of a C.I. engine are : 

(t) Durability; 

(ii) Reliability; 

(Hi) Fuel economy. 

reliability of tlie engine decreases with the increase in maximum pressure in the 
cylinder. This also increases the thermal load on the engine due to the increase in the 
rate of heat release. 
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16.4. MODIFICATION OF AN ENGINE FOR SUPERCHARGING 

Supercharging results in the increased output of a naturally-aspirated engine. The following 
modifications make the engine more suitable to supercharging : 

• Increase in the valve overlap period to permit complete scavenging of the clearance volume. 

• Increase in the clearance volume by decreasing the compression ratio . 

• The injection system of a diesel engine must be modified to supply increased amount of 
fuel (this will require a nozzle of greater area than that required for the normally aspirated 
engine). 

• In case of a turbocharged engine, in order to supply more energy to the turbocharger the 
exhaust value shall open a bit earlier. Furthermore, the exhaust manifold of such engine 
is insulated to reduce heat losses (whereas in case of a normally aspirated engine the 
exhaust manifold is water-cooled). 

16.5. SUPERCHARGERS 

The following types of superchargers are used to supercharge engines for various applica¬ 
tions : 

1. Reciprocating compressor. Very rarely used nowadays except for some stationary 
installations. 

2. Vane blower. Due to the vanes the flow of air is pulsating and noisy and the speed is 
'limited because of the radial motion of vanes. Nowadays these are almost obsolete. 

3. Lysholm compressor. It produces a constant compression. Has limited use due to its 
mechanical complexity. 

4. Roots blower. It is suitable for low and medium speed engines for stationary and marine 
installations; 

5. Centrifugal compressor. It is simple, small, cheap and has a good efficiency in the range 
of pressure ratio of 1.5 to 3.0 and is commonly used for supercharging. 

— The limited speed range of this compressor makes it suitable for constant speed type 
engines, such as aircraft engines. However, the exhaust driven centrifugal compressor is 
very popular because its operational speed matches with the exhaust turbine speed sat¬ 
isfactorily. 

— Disadvantage. Occurrence of surge. 

16.6. SUPERCHARGING ARRANGEMENTS 

Fig. 16.9 shows the different supercharging arrangements. 

• Fig. 16.9 (i) shows a compressor coupled to the engine with step-up gearing for increas¬ 
ing the speed of the compressor. Here, a portion of the engine output is used to drive the 
compressor. The net output increase due to supercharging is obtained by subtracting 
this power from the engine gross output. The purpose of aftercooler is to send cool air to 
the engine for further increasing the density of the intake air. 

• Fig. 16.9 (ii) shows an arrangement in which compressor is driven by a turbine which is 
run by the exhaust of the engine. The compressor and the turbine are not mechanically 
coupled to the engine. 

• Fig. 16.9 {Hi) refers to an arrangement in which engine, turbine and compressor all are 
geared together. The wright Turbo-compound air plane engine is an example of this type 
of arrangement. Here if the turbine output is insufficient to run the compressor 
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particularly at part loads, then the remaining load of the compressor is taken care of by 
the engine. 



I After - 

1 cooler i 

I--• 




i After [ 
i cooler ▼ 



C = Compressor 1 . Inlet to compressor 

T = Turbine 2. Outlet from compressor 

G - Gearing 3 , Inlet to engine 

4. Exhaust from engine (and inlet to turbine) 

5. Exhaust from turbine 
Fig. 16.9. Supercharging arrangements. 

Fig. 16.9 (tu) shows an arrangement of supercharging in which engine supplies its total 
power to the compressor and the exhaust gases from the engine run the turbine giving 
the power output. Such plants are called fuel-piston engines. 


16.7. TURBOCHARGERS 


16.7.1. Introduction 

• Turbochargers are centrifugal compressors driven by the exhaust gas turbines. By 
utilising the exhaust energy of the engine it recovers a substantial part of energy which 
would otherwise go waste ; thus the turbocharger will not draw upon the engine power. 
These are nowadays extensively used to supercharging almost all types of two stroke 
engines. 

• A typical petrol engine may harness up to 30% of the energy contained in the fuel supplied 
to do useful work under optimum conditions but the remaining 70% of this energy is lost 
in the following way : 
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— 7% heat energy to friction, pumping and dynamic movement; 

— 9% heat energy to surrounding air ; 

— 16% heat energy to engine’s coolant system ; 

— 38% heat energy to outgoing exhaust -gases. 

Thus, the vast majority of energy, for design reasons, is allowed to escape to the atmosphere 
through the exhaust system. 

• A turbocharger utilizes a portion of the energy contained in the exhaust gas —when it is 
released by the opening of the exhaust valve towards the end of the power stroke (some¬ 
thing like 50° before B.D.C.)—to drive a turbine wheel which simultaneously propels a 
centrifugal compressor wheel. 

— The turbocharger relies solely on extracting up to a third of the wasted energy pass¬ 
ing out from the engine's cylinders to impart power to the turbine wheel and compres¬ 
sor wheel assembly. However, this does produce a penalty by increasing the mani¬ 
fold’s back-pressure and so making it more difficult for each successive burnt charge 
to be expelled from the cylinders. It therefore impedes the clearing process in the 
cylinders during the exhaust strokes. 

— The ideal available energy which can be used to drive the turbocharger comes from 
the blow-down energy transfer which takes place when the exhaust valve opens and 
the gas expands down to atmospheric pressure (Fig. 16.10). This blow-down energy is 
represented by the loop area 4-5-6 whereas the boost pressure energy used to fill the 
cylinder is represented by the rectangular area 0-1-6-7. 



Fig. 16.10. Petrol engine cycle pressure-volume diagram showing available exhaust gas energy. 

• Turbocharged engines produce higher cylinder volumetric efficiencies compared with the 
normally aspirated induction systems. Therefore, there will be higher peak cylinder 
pressures which increase the mechanical loading of the engine components and could cause 
detonation in petrol engines . Therefore, it is usual to reduce the engine’s compression ratio 
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the compression ratio may be lowered to 76 • 1 if u; z, * J 7 roocnargeci 

• The compression of the charge entering the cells of the impeller depends upon the centrifu 
gal force effect which increases with the square of the rotational speed of he TmpeUor 

taZd*27hZtt U f Ugh ‘! oad r d engine speed coJitions [he eZgf Z 
Leased with the exhaust gases will be relatively small and is therefore insufficient to drive 

hL7 blne assembly “‘ vef y hi S h speeds. Correspondingly, there will be very little extra 

ssfiXrrrJSKwar - A 

16.7.2, Altitude Compensation 

a.™ S.nr.rszffS fiis? “ ~ j r -t ii » “»<•■*<« - * »».. 



<D 

CL 


Fig. 16.11. Effect of altitude on rated engine power at sea level for both 
naturally-aspirated and turbocharged engines. 
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the actual mass of charge burnt in the cylinder’s every power stroke. A naturally aspirated engine 
will have its power output reduced by approximately 13% if it is operated approximately 1000 m 
above sea-level Supercharging the cylinders enables the engine’s rated power above sea-level to be 
maintained or even exceeded. 

With a turbocharged engine there will still be some power loss with the engine operating at 
high altitudes, but the loss will be far less than if the engine breathing depended only on natural 
aspiration. As can be seen (Fig. 16.11) at 1000 m the power loss is only 8% compared with the natu- 
rally aspirated engine where the power decrease is roughly 13%. 


16.7.3. Turbocharging-Buchi System 

• Exhaust gases coming out from the engine, when the exhaust valve opens, are at a pres¬ 
sure well above atmospheric pressure, and their temperature is also high. A part of the 
heat energy contained in the gases can be utilized by further expansion of the gases in an 
exhaust turbine down to atmospheric pressure. The extra power available from the tur¬ 
bine is used to drive the compressor. The compressor, in turn, will supply more air to the 
engine. Such utilization of the exhaust energy to drive the supercharger is called Buchi 
system of turbocharging. . 

— Fig. 16.12 shows the arrangement of Buchi system. 

Compressed air 







Engine 


Engine 


exhaust 


E 


Turbine 

exhaust 


Air from 
atmosphere 


T - Turbine, C = Compressor 
Fig. 16.12. Arrangement of Buchi system. 

— Fig. 16.13 shows the additional energy equal to area 1-4-5 available when the ex- 
pansion is carried down to atmosphere. 

P 



expansion is carried down to atmosphere. 
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• The power developed by the turbocharger is sufficient to drive the compressor, and over¬ 
come its mechanical friction. The turbocharger is independent of the engine, and it is 
only connected to it by a simple exhaust pipe. The speed range of the turbocharger is 
from 20000 to 30000 r.p.m. 

• For supplying adequate energy to the turbocharger, the exhaust valve is opened much 
before the B.D.C. in contrast to a naturally aspirated engine. This permits the exhaust 
gases to escape at a higher pressure and temperature, giving turbocharger enough energy 
to drive the compressor . The loss in piston work due to early opening of the exhaust valve 
is more than offset by better charging and scavenging of the engine. 

16.7.4. METHODS OF TURBOCHARGING 

The following are the main types of turbocharging methods : 

1. Constant pressure turbocharging: 

• The various cylinders discharge their exhaust into a common manifold at pressures higher 
than the atmospheric. 

The exhaust gases (from all the cylinders) undergo expansion in the exhaust valves, without 
doing any work, to an approximately constant pressure in the common manifold and then enter the 
turbine. Thus the blow-down energy in the form of internal energy is converted into work in the 
turbine. The higher the pressure ratio of the turbine, the higher is the recovery of blow-down energy. 
During the whole of the cycle the exhaust gases are maintained at constant pressure to make use of 
a pure reaction turbine. 

2. Pulse turbocharging: 

• In this method of supercharging, as soon as the exhaust valve opens a considerable part 
of the blow-down energy is converted into exhaust pulses. These pulses enter the turbine 
(through narrow exhaust pipes by the shortest possible route) where a major proportion 
of the energy is recovered. 

• In order that exhaust process of various cylinders do not interfere with one another, 
separate exhaust pipes are used. 

3. Pulse converter : 

This turbocharging method permits the advantages of the pulse and constant-pressure 
tubocharging methods simultaneously. The combination of these two systems is done by connecting 
the different branches of exhaust manifolds together in a specially designed venturi junction, called 
.pulse converter " before the turbine. 

4. Two-stage turbocharger: 

Two-stage turbocharging is defined as the use of two turbochargers of different sizes in series, 
e.g. a high pressure stage operating on pulse system and low-pressure stage on constant pressure 
operation. This type of arrangement is employed for diesel engines requiring very high degree of 
supercharging, b.m.e.p. ranging from 25 to 30 bar, which can not be obtained in a single-stage turbo¬ 
charger. 

5. Miller turbocharging: 

• The system of turbocharging is based upon the idea of increasing the expansion ratio 
relative to compression ratio by means of early closure of inlet valve as the boost pressure 
is increased. 

• The Miller turbocharging is not very attractive unless two-stage turbocharging is neces¬ 
sary because of other reasons such as need to reduce exhaust valve failures. 
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6 . Hyperbar turbocharging: 

Fig. 16.14 shows a hyperbar turbocharged en¬ 
gine. It consists of the following components : 

1. A low compression (7 : 1) diesel engine ; 

2. A high pressure ratio (upto 5.1) turbine ; 

3. A by-pass control; 

4. An auxiliary combustion chamber/located 
between the direct exhaust valve and the 
turbocharger turbine. 

— Firstly, using an electrical starter, the 

turbocharger is started; it is kept run¬ 
ning by bypassing the air and inject¬ 
ing first into the auxiliary combustion 
chamber while the engine in inopera¬ 
tive. 

— Then after sometime when appropri¬ 
ate pressures and temperatures are 
reached the diesel engine is started. 

— The amount of air bypassed and the 
fuel injected into the auxiliary 
combustion chamber are controlled in 
accordance with operating conditions. 

Advantages: 

1. High power-to-weight ratio. 

2- High brake mean effective pressure to the tune of 30 bar can be obtained (peak pressure 
limited to 140 bar). 

3. Thermal loading-moderate. 

4. Surge pre-operation (due to by pass control). 

5. Good torque and acceleration available. 

Disadvantages: 

1. Due to low compression ratio, there is high fuel consumption over the entire range of 
operation. 

2. System is complex. 

16.7.5. Limitations of Turbocharging 

Turbocharging entails the following limitations : 

1. Special exhau * manifolds are required for the turbocharging system. 

2. In order to inject more fuel per unit time fuel injection needs modification. 

3. In contract to a naturally aspirated engine which can digest solid particles in the inlet air 
without undue stress, a turbocharged engine can pass only the most minute material par¬ 
ticles without damage . 

4. It is difficult to obtain good efficiency over a wide range of operations since the efficiency 
of the turbine blades is very sensitive to gas velocity. 



C — Compressor 
T = Turbine 

C.C. = Combustion chamber 


Fig. 16.14. Hyperbar turbocharging. 
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WORKED EXAMPLES 


Example 16.1. An unsupercharged petrol engine develops 735 kWwith air fuel ratio 12.8, The 
bsfc in 0.350 kg I kWh and mechanical efficiency 86%. The inlet pressure is 730 mm of mercury abso¬ 
lute and the mixture temperature is 325 K. The engine is supercharged to a pressure ratio of 1.6 by 
a supercharger of adiabatic efficiency 0.7 and mechanical efficiency 0.9. Assuming that air-fuel ratio 
remains unchanged and l.P. is proportional to inlet density, calculate the power required to run the 
supercharger. Assume that volumetric efficiency does not change due to supercharging. 

(Madras University) 

Solution. Given : El = x.6 ,/>i = 730 mm of Hg abs., 71 = 325 K 
Pi 


Tladi. = 0-7, ^. = 0-9 



Indicated work of supercharger = c (T 0 - 7\) 
kJ/kgofair. P Fig. 16.15 


Work required to drive the supercharger 


ur _ c p( r 2~ t 0 1.005(391.7-325) 

"sup --—-— - 

^Imech. 0.9 

When unsupercharged : 


= 74.48 kJ/kg of air 


Inlet pressure, 


730 9.81 x (13.6x1000) 

1000 * 1000 


= 97.39 kN/m 2 


Density, Punsup = fi, _ ~~~ = 1.044 kg/m 3 

Air consumption, m a(unaup) = - 35x 735 x 12,8 = 0.9047 kg/s 

obUO 

When supercharged: 


Density, 

Air consumption, 


P 2 16x97.39 
5up RT 2 0.287 x 3917 

^o(sup.) ~ ^(unstip.) *-“ 

Punsup. 


1.386 kg/m 3 
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nQ1 ._ 1386 

= 1044 = 12143 w* 

Power required to run the supercharger, 

Psup — ^a(sup) ^ ^aup 

= 1.2143 x 74.48 = 90.44 kW. (Ans.) 

nss.'sfiss' *«—» « 

Calculate the required engine capacity and the anticipated brake mean effective pressure. 

olution. Gwen : Pl = 1.0132 bar, 7\ = 10 + 273 = 283 K, B.P. = 260 kW, 

'Ivol. = 78% . s.f.c. = 0.247 kg /B.P. h, A/ F ratio = 1.7 : l’ 

N = 1500 r.p.m. 

Engine capacity: 

Fuel consumption, m , = kg/min . = 0^x260 = 1Q7 kg/min 

Air consumption = Fuel consumption xA/F ratio 

= 1.07 x 17 = 18.19 kg/min. 

Air consumption per stroke = Air consumption in kg / min. 

No, of cycles / min. 

J Air consumption in kg/min. 18.19 

N/2 ~ * 1500? = 0 0242 k S 


Let V- be the swept volume, then mass of free air corresponding to swept volume = 


PiV. 

RT\ 


(1.0132 x 10 s ) xV, 


- = 1.247 V kg 


Volumetric efficiency, q voJ = 


287x283 

Mass of air taken in per stro ke 
Mass of free air corresponding to swept volume 
0.0242 


i e.y Engine capacity 


n „ Q 0.0242 

0.78 =- or V =. 

1.247 V, ^ 0.78 x L247 

= 0.02488 m 3 . (Ans.) 


* 0.02488 m 3 


Brake mean effective pressure, p mb (bar): 

We know that B.P = ^ANk x 10 

6 

260 = ~ kw 
6 


(v L x A = V) 
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\ 


p mb x 0.02488 x 1500 x - x 10 
--—-* 


Pmb c 8 * 36 bar * (Ans.) 

Supercharged engine: 

Increase of pressure required : 

Gross power produced by the engine 


= 260 + 0.08 x gross power 


Gross power produced by the engine 
Mass of air required 


260 


(1-0.08) 
1819x282.6 
260 


= 282.6 kW 
= 19.77 kg 


^lvol. ■ 


or 


___ Mass of air taken in per cycle 

Mass of air corresponding to swept volume measured at outlet conditions of supercharger 

19.77 

_ 1500/2 0-02636 • 

= (P2 X 10 5 ) X 0.02488 ” 0.0284P2 
287 x (32+ 273) 

0.02636 

P2 = 0.78 x 0.0284 bar = 1,19 bar 

Increase of pressure required = 1.19 - 0.72 = 0.47 bar. (Ans.) 


Example 16.3. A 4-stroke diesel engine having a capacity of 3600 cm 3 develops 13 kW 
perm 3 of free air induced per minute. It has a volumetric efficiency of 82 percent at 3000 r.p.m. 
referred to free air conditions of 1.0132 bar and 25°C. This engine is supercharged by a rotary 
compressor which develops a pressure ratio of 1.8 and has an isentropic efficiency of 75 per cent. 
This compressor is coupled to main shaft of the engine which supplies power to it. Estimate the 
increase in brake power due to surpercharging. 

Assume mechanical efficiency of 80 per cent and the air at intake to cylinder to be at the 
pressure equal to the delivery pressure from compressor and temperature equal to 4°C less than the 
delivery temperature from the compressor, and cylinder contains volume of charge equal to swept 
volume. 

Solution. Given : Engine capacity = 3600 cm 3 = 3600 x 10" 6 m 3 ; 

Power developed = 13 kW/m 3 of free air induced per minute ; 

Volumetric efficiency, x\ yol = 82% at 3000 r.p.m. and 

p ± = 1.0132 bar, T x = 25 + 2732 = 298 K; 

Pressure ratio (rotary compressor) = 1.8 

Isentropic efficiency of the compressor, T| isen = 75% 

Mechanical efficiency, Tj mech = 80% 

Increase in B.P. due to supercharging: 

Swept volume / mini = (3600 x 10" 6 ) x = 5.4 m 3 min. 

Unsupercharged volume induced per min. 

= Swept volume / min. x r) vol 
= 5.4 x 0.82 = 4.428 m 3 /min. 
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Rotary compressor delivery pressure = 1.8 x 1.0132 = 1.824 bar 
Temperatures after isentropic compression, T 

.Iri 

r 2 =■*/"' 


S) T = 


14-1 

298 x (1.8) 14 = 352.5 K 


Also, 


0.75 = - 


T 2 -T y 
T 2 ’-T x 
352.5 - 298 


T 2 '-298 
( 352.5 - 298^ 

T 2 = 1-—-1 + 298 = 370.7 K 



The temperature of air at intake to the engine 
cylinder 

= 370.7 - 4 = 366.7 K 

The compressor delivers 5.4 m 3 /min. air at 1.824 bar and 370.7 K. Equivalent volume at 
1.0132 bar and 298 K, 

PlY\ _ 

Ti ~ T 2 ' 

v _ _ P 2 V 2 T i _ 1824 x 5.4 x 298 
Pl?2 


- 7.9 m 3 /min. 


1.0132x366.7 

The increase in induced volume of air = 7.9 - 5.4 = 2.5 m 3 /min. 

Increase in I.P. from air induced = 13 x 2.5 = 32.5 kW 
Increase in I.P. due to increased induction pressure 

Ap x VJm in. (1824 -1.0132) x 10 5 x 5.4 
60x1000 " 60x1000 - 7.3 kW 

Total increase in I.P. = 32.5 + 7.3 = 39.8 kW 
/. Increase in B.P. of the engine = 39.8 x r| mech 

= 39.8 x 0.8 = 31.84 kW 

From this must be deducted the power required to drive the rotary compressor, 

Mass of air delivered by the compressor, 


pV (1.824 x 10 s ) x (5.4/60) 


kg/s 


RT 287 x 366.7 

= 0.156 kg/s 

It may be noted that the delivery temperature from the compressor is 370.7 K and mass is 
calculated at 366.7 K because the volume occupied by this mass is known only at 366.7 K being the 
swept volume of the cylinder. 

Power require^ by the compressor 

0.156 x 1.005 x (370.7 - 298) 


m c p AT 


: 14.25 kW 


^Imech. 0*8 

Net increase in B.P. - 31.84 - 14.25 = 17.59 kW. (Ans.) 

Example 16.4. A 4-stroke diesel engine is designed to operate with the following charac¬ 
teristics at sea level, where the mean conditions are 1,013 bar and 10°C : 
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B.P. - 250 kW ; Volumetric efficiency = 78 per cent (at sea level free air conditions) ; Specific 
fuel consumption - 0.245 kg (kWh; y 

Air-fuel ratio -17:1; Speed - 1500 r.p.m. 

Determine the required engine capacity and the brake mean effective pressure. 

If the engine is run at an altitude of 2700 m where the atmospheric pressure is 0.72 bar by 
fitting a supercharger directly and mechanically coupled to the engine ; the power consumed by the 
supercharger is 8 per cent of the total power produced by the engine and the temperature of air leaving 
the supercharger is 32°C. The air-fuel ratio and the thermal efficiency remain the same for the super¬ 
charged engine as when running unsupercharged at sea level, as does the volumetric efficiency. 

Determine the increase of air pressure required at the supercharger to maintain the same net 
output of250 kW. (Kerala University) 

Solution. Given : p x = 1.013 bar ; T x = 10 + 273 = 283 K ; s.f.c. = 0.245 kg/kWh ; 

Air-fuel ratio = 17 :1; N = 1500 r.p.m.; B.P. = 250 kW, n voI = 78% ; p 2 = 0.72 bar ; T 2 = 32 + 
273 = 305 K. z 

{a) Unsupercharged engine at sea level: 

Engine capacity, V s : 


Fuel consumption 
Air consumption 


0.245 x 250 

6T0 


= 1.0208 kg/min. 


TW. “ 


0.78 = 


or Swept volume, 


V = 


1.0208 x 17 = 17.35 kg/min. 

Mass of air taken in per cycle 

Mass of air corresponding to swept volume 

17.35 

(15002) _ (17.35/750) _ 

nJjL " (1013 x 10 5 x VJA287 X 283) = 750 x 1013 x 10 5 x V 
RT X s 

17.35 x (287 x 283) 


17.35 x (287 x 283) 


0.78 x 750 x 1.013 x 10 1 

Brake mean effective pressure, p mb : 

B.P. = EmbLANkx 10 kw 


Pmb X V, X 1500 X — x 10 
250=- 2 . 


j = 0.0238 m 3 . (Ans.) 


(v V s = LxA) 


250 = 


p mb x 0.0238x750x10 


Pmb “ 8 * 4 bar - (Ans.) 

Supercharged engine: 

Increase of pressure required : 

Q 

Gross power produced by the engine = 250 + — x gross power 

^ 250 

Gross power = ^~' qq 8) = 271.74 kW 


Mass of air required 


271.74 x 17.35 
250 


= 18.86 kg 
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*W =0.78 = 


18.86/(1500/2) 

(P2V 8 /RT 2 ) 


18.86x2 xRTo 

1500 x {p 2 x 10 5 ) V 3 


, where p 2 is in bar 


18.86x2 x287x305 


1500 x p 2 x 0.0238~ 

_ 18.86x2x287x305 

0.78 x 1500 x 10 5 x 0.0238 


= 1.186 bar. 


*'• Increase of pressure required = 1.186 - 0.72 = 0.466 bar. (Ans.) 


are rejected. The airlea.es the cooler at 65°Cand1 75b^7artofT7° “ 7 ^7 ^ 

the engine which has a volumetric efficiency of 72 nerZ', f / *° ««*"**«* 

65°C and 1.75 bar. The engine which has sixcondition of 

2000 r.p.m. and delivers an output torque TffsoNm tLZ l 1 7 7 ^ ™'*' S * 

cent Determine: Q ' N mechanical efficiency of engine is 80 per 

(i) The indicated mean effective pressure of the engine ; 

(ii) The air consumption rate of the engine; 

(iii) The air flow into compressor in kg/min. 

Solution. Given: T, = 25 + 273 = 298 K; = 1210 kJ/min.; 

P 2 = 1.75 bar; ^ = 72% ; „ = 6 ; D = 100 mm = 0.1 m ; 

(i) The inriimt A " 110 7. 0 ' 11 “ ; T °“‘ = 150 Nm > *W = 80% ; JV = 2000 r.p.m. 

Ui 1 he indicated mean effective pressure, p^: 


rp _ _ 2 kNT |iir 2n x 2000 x 150 
60x1000 KW “ 60 x 1000 


= 31.41 kW 


But, 



I.P. 

I.P. 


Fig. 16.17 


B.P, 3141 

hmech. 0.8 


39.26 kW 


n Pmi LANk X 10 
6 
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6 x p mi X 0.11 x - X (0.1) 2 x 2000 x - x 10 


39.26 = - 

b 

p ml = 4.544 bar. (Ans.) 
(ii) Air consumption rate of the engine ; m c : 


= 8-639 Pmi 


Engine swept volume = 6 x 




x — m 3 /min. 


= 6x-x0.1 2 x 0.1 lx ^552 -5.184m 3 /min. 
4 2 


Aspirated volume of air into engine 

= ri vol x 5.184 = 0.72 x 5.184 = 3.732 m 3 /min. 
Aspirated air mass flow into the engine, 

_ p 2 V 2 _ (1.75 x 10 s ) x 3.732 


RT 0 


287x338 


= 6.732 kg/min. (Ans.) 


(Hi) The air flow into the compressor in kg/min, m c : 

Actual compressor work required from the engine to run the compressor = Gain in enthalpy 
of air in compressor 

31.41 = m c xc.x AT 


= rh c x 1.005 x (T 2 - Tf) 
= m c x 1.005 ( T 2 - 298) 
m c (T 2 - 298) = 31.25 


Also, in the cooler, 


where m c = Mass of air handled by compressor 
in kg/s, and 

T 2 = Temperature of outlet air from compressor 

...(0 

rh c x c p x [T 2 - (65 + 273)] = Q rej /sec. 


m c (T 2 - 338) = 


1210 


1.005x60 


: 20.07 


.Mi) 


Dividing (i) by ( ii) } we get 

T 2 - 298 3L25 

To - 338 ~ 20.07 ' 


156 


T 2 - 298 = 1.56 (T 2 - 338) = 1.56 T 2 - 527.28 
T 2 = 409.4 K or 136.4°C 


Thus, 


3125 


3125 


T t - 298 409.4-598 = °- 28 ° 5kg/S 

m c = 0.2805 x 60 = 16.83 kg/min. (Ans.) 


HIGHLIGHTS 


1. The purpose of supercharging is to raise the volumetric efficiency above that value which can be obtained 
by normal aspiration. 

2. Boost pressure refers to the gauge pressure recorded when the air or mixture supply has passed through 
the supercharger. 
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9. 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20 . 


INTERNAL COMBUSTION ENGINES 

Pressure ratio is the ratio of absolute pressure to that of the atmospheric pressure. 

(Here, absolute-pressure =j boost pressure + atmospheric pressure) 

The supercharging limits for a C.I. engine (unlike S.I. engines where the limits of supercharging are due 
to combustion) is reached by thermal loading. 

The following types of superchargers are used to supercharge engines for various applications : 
Reciprocating compressors ; Vane blower ; lysholm compressor ; 

Roots blower ; centrifugal compressor. 

Turbochargers are centrifugal compressors driven by the exhaust gas turbines. 

Methods of turbocharging: 

(i) Constant pressure turbocharging. («) Pulse turbocharging. 

(iii ) Pulse converter. (ii>) Two-stage turbocharger. 

(u) Miller turbocharging. (oi) Hyperbar turbocharging. 


OBJECTIVE TYPE QUESTIONS 


Fill in the Blanks or Say Yes’ or No’: 

The.power produced is almost directly proportional to the engine air consumption. 

Supercharging tends to lessen the possibility of detonation in a S.I. engine and increase the possibility 
in a C.I. engine. 

The power output of a supercharged engine is.than the naturally aspirated engines. 

The mechanical efficiencies of supercharged engines are slightly better than naturally aspirated engines. 
Inspite of better mixing and combustion due to reduced delay a mechanically supercharged otto engine 
almost always have specific fuel consumption higher than a naturally aspirated engine. 

.pressure refers to the gauge pressure recorded when the air or mixture supply has passed 

through the supercharger. 

Supercharging of S.I. engines is employed only for aircraft and racing car engines, due to the fact that 
the increase in supercharging pressure increases the tendency to detonate and pre-ignite. 

In highly supercharged engine, knocking can be controlled by injection of water in the combustion 
chamber. 

Very lean and very rich mixtures give high knocking operations. 

The ignition timings and thermal load on the engine do not affect the knock limit of S.I. engine. 
Supercharging improves combustion in diesel engine. 

The degree of supercharging in the case of a C.I. engine is limited by thermal and mechanical load on 
the engine and strongly depends on the type of supercharger used and design of the engine. 

The reliability of the engine decreases with increase in maximum pressure in the cylinder. 
Reciprocating compressor is commonly used for supercharging. 

Roots blower is suitable for supercharging low and medium speed engines for stationary and marine 
installations. 

.are centrifugal compressors driven by the exhaust gas turbines. 

Turbocharged engines produce higher cylinder volumetric efficiencies compared with the normally as¬ 
pirated induction systems. 

A naturally aspirated engine will have its power output reduced by approximately 13 per cent if it is 
operated approximately 1000 m above sea-level. 

.turbocharging is defined as the use of two turbochargers of different sizes in series. 

.turbocharging is based upon the idea of increasing the expansion ratio relative to com¬ 
pression ratio by means of early closure of inlet valve as the boost pressure is increased. 
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ANSWERS 


1 . 

indicated 

2. No 

3. higher 

4. Yes 

5. Yes 

6. 

Boost 

7. Yes 

8. Yes 

9. No 

10. No 

11. 

Yes 

12. Yes 

13. Yes 

14. No 

15. Yes 

16. 

Turbocharging 

17. Yes 

18. Yes 

19. Two-stage 

20. Miller. 


1 . 

2 . 

3. 

4. 


9. 


10 . 

11 . 


13. 


14. 

15. 


17. 


18. 


20 . 


21 , 


22 . 

23. 

24. 

25. 

26. 

27. 

28. 


THEORETICAL QUESTIONS 

What is supercharging ? 

Enumerate the main objects of supercharging. 

What is a supercharger ? 

Explain briefly supercharging of S.I. engines. 

Give the comparison of ‘Actual naturally aspirated’ and ‘supercharged engine’ pressure-volume 
diagrams. 

Define the terms ‘Boost pressure’ and ‘Pressure ratio’. 

Explain briefly the effect of pressure ratio on air charge temperature. 

Explain briefly the thermodynamic cycle of supercharged engine on p-v diagram for an ideal otto cycle. 
Derive an expression for the power required for an I.C. engine supercharger. 

What are supercharging limits of S.I. engines ? 

Explain briefly supercharging of C.I. engines. 

What are supercharging limits of C.I. engines ? 

Enumerate the main considerations in limiting the degree of supercharging of a C.I. engine. 

What modifications are necessary for a supercharged engine ? 

List the types of superchargers used to supercharge engines for various applications. 

Explain briefly with neat sketches various types of supercharging arrangements. 

What are turbochargers ? 

Describe the Buchi system of turbocharging. 

Explain briefly the main types of supercharging methods. 

What is Miller turbocharging ? 

Explain briefly with a neat sketch Hyperbar turbocharging. State its advantages and disadvantages as 
well. . 

What is pulse converter ? 

What are the limitations of supercharging ? 

“S.I. engines are generally not supercharged”. Justify this statement. 

Supercharging is preferred in diesel engine than petrol engine”. Justify the statement. 

Supercharging is essential for an aircraft engine”. Justify this statement. 

Explain the factors that limit the extent of supercharging of S.I. and C.I. engines. 

What do you mean by supercharging of I.C. engines ? Explain why supercharging is essential for the 
aircraft engines ? 


UNSOLVED EXAMPLES 


I. A 3000 cm 3 capacity 4-stroke diesel engine develops 14 kW/m 3 of free air induced per minute. It has 
a volumetric efficiency of 80% referred to free air conditions of 1.013 bar and 27*C, when running 
at 3500 r.p.m. It is proposed to boost the power of the engine by supercharging by a blower (driven 
mechanically from the engine) of pressure ratio 1.7 and isentropic efficiency of 75%. Taking overall 
mechanical efficiency as 80% determine the increase in B.P. 
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■ 

Determine the required engine capacity and anticipated brake mean effective pressure 
st.ZX" rger iS thenfit ‘l t ” the r gine 80 0181 il ma y *» operated at an altitude of2700 m where the 

mcrease of air pressure required at the supercharger to maintain the same Jt output of 250 kW 

The engine has the following specifications : 

B.P. = 30 kW ; Speed = 2000 r.p.m. ; Number of cylinders = 4 ; Bore = 100 mm ; 

Stroke =110 mm ; Mechanical efficiency = 80 percent. 

efficienCy ofthe compressor as 90 percent, determine the following : 

UJ The indicated mean effective pressure ofthe engine ; 

(”) Th® air consumption rate of the engine ; 

* ".":iTSdZ“d ZZZZZZJZ; '■" *’ 

the engine. The blcwerhas nn iseelnghc effidentig onSflTaod ,,„k 5 
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Testing and Performance ofl.C. Engines 

17.1. Introduction. 17.2. Performance parameters. 17.3. Basic measurements. 17.4. Engine 
performance curves. 17.5. Comparison of petrol and diesel engines-fuel consumption, load outputs 
and exhaust composition. 17.6. Governing of I.C. engine. 17.7. Noise abatement—Worked 
Examples Highlights Objective Type Questions—Theoretical Questions—Unsolved Examples. 


17.1. INTRODUCTION 

• The primary task of the development engineer is to reduce the capital and running cost 
ofthe engine. This involves trial of various design concepts. The parameters are so enor¬ 
mous and different in nature that it is almost physically impossible to take care, of all of 
them during the design ofthe engine. Therefore, it is necessary to conduct the test on the 
engine and determine the measures which should be taken to improve the engine per¬ 
formance. The nature and the type of the test to be conducted will depend upon a great 
number of factors such as, the degree of development of the particular design, the accu¬ 
racy required, the funds available, the nature of the manufacturing company etc. 

• The testing of the engine is necessary to verify the performance of the engine as per the 
specification of the manufacturer. 


17.2. PERFORMANCE PARAMETERS 

Engine performance is an indication of the degree of success with which it does its assigned job 
i.e ., conversion of chemical energy contained in the fuel into the useful mechanical work . 

In evaluation of engine performance certain basic parameters are chosen and the effect of 
various operating conditions, design concepts and modifications on these parameters are studied. 
The basic performance parameters Eire numerated and discussed below ; 


1. Power and mechanical efficiency 
3. Specific output 
5. Fuel-air ratio 

7. Thermal efficiency and heat balance 
9. Specific weight. 


2. Mean effective pressure and torque 
4. Volumetric efficiency 
6. Specific fuel consumption 
8. Exhaust smoke and other emissions 


1. Power and mechanical efficiency : 

(i) Indicated power. The total power developed by combustion of fuel in the combustion 
chamber is called indicated power. 


IP. = 

where, n = Number of cylinders, 




kW 


Pmi — Indicated mean effective pressure, bar. 


...(17.1) 
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L = Length of stroke, m, 

A = Area of piston, m 2 , and 


k - ~ for 4-stroke engine 
= 1 for 2-stroke engine. 



(ii) Brake power (B.P.). The power developed by an engine at the output shaft is called the 
brake power. 


B.P. 


2 tiNT 
60 x1000 


kW 


where, N - Speed in r.p.m., and 
T = Torque in N-m. 

The difference between I.P. and B.P. is called frictional power ; F.P. 
i.e. y F.P. = I.P. - B.P. 


The ratio of B.P. to I.P. is called mechanical efficiency 


...(17.2) 


...(17.3) 


i.e., Mechanical efficiency , T| mech = yy 


...(17.4) 


2. Mean effective pressure and torque : 

“Mean effective pressure ” is defined as hypothetical pressure which is thought to be acting on 
the piston throughout the power stroke. If it is based on I.P. it is called indicated mean effective 
pressure (J m e p or p mi ) and if based on B.P. it is called brake mean effective pressure (B m ep or p mb ). 
Similarly, frictional mean effective pressure (F m e or p mf ) can be defined as : 


F =/ - B 

m.e.p. m.e.p. m.e.p. 

The torque and mean effective pressure are related by the engine size. 


...(17.5) 


Since the power ( P) of an engine is dependent on its size and speed, therefore it is not possible 
to compare engine on the basis of either power or torque. Mean effective pressure is the true indica¬ 
tion of the relative performance of different engines. 


3. Specific output: 

It is defined as the brake output per unit of piston displacement and is given by : 

B.P. 

Specific output = y x y 

= Constant x p^ x r.p.m. ...(17.6) 

For the same piston displacement and brake mean effective pressure (p mb ) an engine running 
at higher speed will give more output. 

4. Volumetric efficiency: 

It is defined as the ratio of actual volume {reduced to N. T.P .) of the charge drawn in during the 
suction stroke to the swept volume of the piston. 

The average yalue of this efficiency is from 70 to 80 per cent but in case of supercharged 
engine it may be more than 100 per cent, if air at about atmospheric pressure is forced into the 
cylinder at a pressure greater than that of air surrounding the engine. 

5. Fuel-air ratio : 

It is the ratio of the mass of fuel to the mass of air in the fuel-air mixture. 

Relative fuel air ratio is defined as the ratio of the actual fuel-air ratio to that of stoichiometric 
fuel-air ratio required to burn the fuel supplied. 
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6. Specific fuel consumption (s.f.c.): 

It is the mass of fuel consumed per kW developed per hour , and is a criterion of economical 
power production. 

m f 

i.e.y s.f.c. = yy kg/kWh. 


7. Thermal efficiency and heat balance : 

Thermal efficiency. It is the ratio of indicated work done to energy supplied by the fuel. 
If m f - Mass of fuel used in kg/s, and 

C - Calorific value of fuel (lower), 

Then indicated thermal efficiency (based on I.P.), 

- (r 

and brake thermal efficiency (based on B.P.) 


Ti t) , OB) = 


B.P. 
171 X C 


Heat balance sheet: 


...(17.8) 


The performance of an engine is generally given by heat balance sheet. 

To draw a heat balance sheet for I.C. engine, it is run at constant load. Indicator diagram is 
obtained with the help of an indicator. The quantity of fuel used'in a given time and its calorific 
value, the amount, inlet and outlet temperature of cooling water and the weight of exhaust gases are 
recorded. After calculating I.P. and B.P. the heat in different items is found as follows : 

Heat supplied by fuel 

For petrol and oil engines, heat supplied = m f x C, where and C are mass used per minute (kg) 

and lower calorific value (kJ or kcal) of the fuel respectively. 

For gas engines , heat supplied = V x C, where V and C is volume at N.T.P. (m 3 /min.) and 
lower calorific value of gas respectively. 

(t) Heat absorbed in I.P. 

Heat equivalent of I.P. (per minute) = I.P. x 60 kJ ...(17.9) 

(ii) Heat taken away by cooling water 

If m w = Mass of cooling water used per minute, 
t 1 = Initial temperature of cooling water, and 
t 2 = Final temperature of cooling water, 

Then, heat taken away by water = \ * c w x ( t 2 - fj) ...(17.10) 

where, c w = specific heat of water. 

(iii) Heat taken away by exhaust gases 

If m e - Mass of exhaust gases (kg/min), 

c pg = Mean specific heat at constant pressure, 
t e = Temperature of exhaust gases, and 
t r - Room (or boiler house) temperature, 

Then heat carried away by exhaust gases = m e x c pg (t e - tf) ...(17.11) 
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T r Visit : 


air supplied. 


Note. The mass of exhaust gases can be obtained by adding together 



Item. 

- v,<xn uc urawn as tollo 1 

kJ 

Heat supplied by fuel 

(i) Heat absorbed in I.P. 

(u) Heat taken away by cooling water 
(t«) Heat carried away by exhaust gases 
(iv) Heat unaccounted for (by difference) 

Total 



8. Exhaust smoke and other emissions • 

i 

concern and with the enforcement of legislation on afr nollnM 3 beC ° me 3 matter of Z rava 
necessaiy to view them as performance parameters P ° Uutl0n ln man y “untries, it has become 

9. Specific weight: 

«*» S**’"'» W, «* BP. P,„ kKd . 

17.3. BASIC MEASUREMENTS 

To ev a]ii ate the performance of an eneine fnllnuri™,* k 
taken : gine lolI °wing basic measurements are usually under- 


1. Speed 
3. Air consumption 
5. Exhaust gas analysis 
V. Indicated power and friction power 
9. Heat going to exhaust. 

1. Measurement of speed : 

The speed may be measured by : 

(i) Revolution counters 
(iii) Electrical tachometer. 


2. Fuel consumption 
4. Smoke density 
6. Brake power 
8- Heat going to cooling water 


(ii) Mechanical tachometer 


2. Fuel measurement: 

" -- “ - * “* • 

<m Continuous (W 

3. Measurement of air consumption : 

“set can be measured by th ; ing methods: 

(i) Air box method : “ Viscous-flow air meter. 
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connection to the engine. Due to the suction of engine, there is a pressure depression in the air box 
or chamber which causes the flow through the orifice. For obtaining a steady flow, the volume of 
chamber should be sufficiently large compared with the swept volume of the cylinder ; generally 

Air box 


Manometer 

N 



Water 


To engine 


Fig. 17.1. Air-box method for measuring air. 

500 to 600 times the swept volume. It is assumed that the intermittent suction of the engine will not 
effect the air pressure in the air box as volume of the box is sufficiently large, and pressure in the box 
remains same. 


A water manometer is used to measure the pressure difference causing the flow through the 
orifice. The depression across the orifice should not exceed 100 to 150 mm of water, 

Let A = Area of orifice, m 2 , 

d = Diameter of orifice, cm, 
h w = Head of water in cm causing the flow, 

C d = Coefficient of discharge for orifice, 

P a = Density of air in kg/m 3 under atmospheric conditions, and 
p w = Density of water in kg/m 3 . 

Head in metres of air ( H ) is given by : 


H = 


o 

100 

h p 

_ w_ x 

100 p 
r a 


h w 1000 _ 10A 

100 p p 

r a r a 


The velocity of air passing through the orifice is given by, 


m of air 
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= 840 AC d 

Mass of air passing through the oi 
m - V p = 14 

a o r a 

= 0.0011 C d xi 

= 0.066 C d x d 2 ^hj) Q kg/min. ...(17.12) 

(ii) Viscous-flow air meter: 

Alcock viscous-flow air meter is another design of air meter. It is not subjected to the errors of 
the simple types of flow meters. With the air-box the flow is proportional to the square root of the 
pressure difference across the orifice. With the Alcock meter the air flows through a form of honey¬ 
comb so that flow is viscous. The resistance of the element is directly proportional to the air velocity 
and is measured by means of an inclined manometer. Felt pads are fitted in the manometer connec¬ 
tions to damp out fluctuations. The meter is shown in Fig. 17.2. 

The accuracy is improved by fitting a damping vessel between the meter and the engine to 
reduce the effect of pulsations. 


Filter Honey comb 



Fig. 17.2. Alcock viscous-flow air meter. 

4. Measurement of exhaust smoke : 

The following smoke meters are used : 

(i) Bosch smoke meter (ii) Hatridge smoke meter 

(iii) PHS smoke meter. 

5. Measurement of exhaust emission : 

Substances which are emitted to the atmosphere from any opening down stream of the exhaust 
part of the engine are termed as *exhaust emissions ”. Some of the more commonly used instruments 
for measuring exhaust components are given below : 

(t) Flame ionisation detector ( ii ) Spectroscopic analysers 

(iii) Gas chromatography. 

6. Measurement of B.P. : 

The B.P. of an engine can be determined by a brake of some kind applied to the brake pulley 
of the engine. The arrangement for determination of B.P. of the engine is known as dynamometer . 
The dynamometers are classified into following two classes : 

(i) Absorption dynamometers (ii) Transmission dynamometers. 
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(0 Absorption dynamometers . Absorption dynamometers are those that absorb the power 
to be measured by friction. The power absorbed in friction is finally dissipated in the form of heat 
energy. 

Common forms of absorption dynamometers are : 

—Prony brake —Rope brake 

—Hydraulic brake —Fan brake 

—Electrical brake dynamometers 

(a) Eddy current dynamometer 

(b) Swinging field d.c, dynamometer. 

(ii) Transmission dynamometers . These are also called torquemeters. These are very accu¬ 
rate and are used where continuous transmission of load is necessary. These are used mainly in 
automatic units. 

Here we shall discuss Rope brake dynamometer only : 

Rope brake dynamometer: 

Refer Fig. 17.3. A rope is wound round the circumference of the brake wheel. To prevent the 
rope from slipping small wooden blocks (not shown in the Fig. 17.3) are laced to rope. To one end of 
the rope is attached a spring balance (S) and the other end carries the load (W). The speed of the 
engine is noted from the tachometer (revolution counter). 
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W = Weight at the end of the rope, N, 
S - Spring balance reading, N, 

N = Engine speed, r.p.m., 

= Diameter of the brake wheel, m, 
d - Diameter of the rope, m, and 


—aijtu 

^ d) = Effective diameter of the brake wheel, 


-- ^ uidike wneei. 

Then work/revolution = Torque x angle turned per revolution 



Work done/min. 
Work done/sec. 


- (W-S) X ^ ° 2 —j x 271 = (W-S)(D„ + d) X n 

= (W~S)n(D b + d)N 


(W-S)n(D, +d)N 


B.P. = 


~S)k(D +d)N 


60x1000 


m 


(W-S)nD b N 


-- n: _ ba 

60 x 1000 . lfd is neglected 


L T x 2nN 


...(17.14) 


v 60 x1000 j 

coefficient i'of the rope with.temper^ure^^ 1 ^ ***“**• 6ecause °/'c/ t anges in friction 


Measurement of Indicated power (I.P.). 


at the crankshaft due to enginebssTs^Thus, 11 ^ 61 ^ ” ^ PiSt °“ ' S neces «“% greater than that 


j + engine losses. 

mdicator. In cas/indira^ taken with the help of an 

rake power and also the engine losses. If the indicator dial' 1S made possible b y measuring the 
maybe computed by measuring the area ? aVailaWe ' the indicated 

7 " . J^ e t area of diagram in mm 2 *P-)- 


where p is in bar. 


—- -—tu juin 

Length of diagram in mm * P r * n £ constant 


(The spring constant is given in bar npr mm , ...(17.15) 

Engine indicators : Wr ^ movement of the indicator stylus .) 

The main types of engine indicators are : 

L Piston indicator 

2. Ba;nneed diaphragm type indicator ; 

<i] The rnborough balanced engine indicator 

in) Dickinson-Newell indicator 
(ui) MIT balanced pressure indicator 
(w) Capacitance-type balance pressure indicator. 
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3. Electrical indicators 

In addition to this, optical indicators are also used. 

Calculation of indicated power (IP.) ; 

Pmi ~ Indicated mean effective pressure, bar, 

A = Area of piston, m 2 , 

L = Length of stroke, m, 

N = Speed of the engine, r.p.m., and 
k = -^’for 4-stroke engine 
= 1 for 2 -stroke engine, 

Then, force on the piston =p mi x A x 10 5 N 
Work done per working stroke = Force x length of stroke 
= Pmi *Ax 10 5 x L N-m 

Work done per second = Work done per stroke x Number of working stroke per second 




i x L x A x 10 5 x — x k N-m/s or J/s 
bU 


Pmi x LANk x 10 5 


i.e., 


60 x1000 

Indicated power, I.P. = BmL BANk x 10 kW 
6 

If n is the number of cylinders, then 


kW 


i p __ np ml LANk x 10 


kW 


...(17.16) 


Morse test: 

This test is only applicable to multi-cylinder engines 

by .hiffiZs Tl reqUired T 6d and the t0rque is measured - 0ne finder is cut out, 
undertest The sveJfalU l disconnecting an injector if a C.I. engine is 

redZZthetaTrilt °f the loss of power with one cylinder cut out, but is restored by 

the vZe of P om 7 J IS red T™ When the Speed has reached its original value. If 

„ B =u l - i,)+(/ 2 - z. 2 ) + y 3 _ l 3 ) +a t -L,) (l) 

cylinder r n em^ r tL C sam?a7 T 7’ 7" the “ ntribution h * lost; and if the losses due to that 
y rema,n the Same aS when rt 18 fi ™g> ‘hen the B.P., B v now obtained at the same speed is 
o , . „ _ *1 = (0 -L,) + (f, - Z*) + (/ 3 _ L 3 ) + ( / 4 _ L) 

Subtracting equation (ii) from (i), we get 

B ~ B ' =I i ...(17.17) 

Similarly, B -B 2 -I 2 when cylinder number 2 is cut out 


and 

and 


B -B 3 -I 3 when cylinder number 3 is cut out 
B - £4 - L 4 when cylinder number 4 is cut out. 


Then, for the engine. 

/ = /i +/ 2 + / 3 + / 4 


...(17.18) 
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INTERNAL COMBUSTION ENGINES 


Assumptions: 

1. Speed of engine and throttle opening or fuel injection setting has to remain same in both 
the cases of four cylinders working and three cylinders working with one cylinder cut out. 

2. Frictional power and pumping power are functions of speed and must be kept constant. 

3. Same throttle opening is expected to supply same quantity of fuel. 

4. Cylinder individually will develop same power whether all four are working or only three 
cylinders are working with one cylinder consuming power. 

Limitations : 

1. This is applicable to multicylinder engines only (three or more cylinders). 

2. Results are liable to errors due to change in mixture distribution and other conditions by 
cutting out one cylinder. 

Cutting out of one cylinder may greatly affect the pulsations in exhaust system which may 
significantly change the engine performance by imposing different back pressures. 

Engine Friction : 

Frictional losses in an Engine 

The total engine friction can be divided into five main components. These are . 

1. Crankcase mechanical friction. 

2. Blow-by losses (compression-expansion pumping loss). 

3. Exhaust and inlet system throttling losses. 

4. Combustion chamber pumping loop losses. 

5. Piston mechanical friction. 

1 . Crankcase mechanical friction : 

It can be further sub-divided into : 

(i) Bearing friction 

(ii) Valve gear friction, and 

( Hi ) Pump and miscellaneous friction. 

The bearing friction includes the friction due to main bearing connecting rod bearing and 
other bearings. Bearing friction is viscous in nature and depends upon the oil viscosity, the spee , 
size and geometry of the journal. 

The valve gear friction losses vary with the engine design variables and no general equation 
is available predicting them. 

2 . Blow-by losses : 4 

It is the phenomenon of leakage of combustion products past the piston and piston rings from 

the cylinder to the crankcase. These losses depend on the inlet pressure and compression ratio. These 
losses vary as the square root of inlet pressure, and increase as the compression ratio is increase .. 
Blow-by losses ar ^ reduced as the engine speed is increased. 1 

3. Exhaust and inlet throttling loss : * 

The standard practice of sizing the exhaust valve is to make them a certain percentage smaller^ 

than the inlet valves. This usually results in an insufficiently sized exhaust valve and hence results] 
i n exhaust pumping loss. T 

4. Combustion chamber pumping loop losses : 

In the case of pre-combustion chamber engines an additional loss occurs. This is the loss 
, occurring due to the pumping work required to pump gasses into and out of the pre-combustion 
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chamber. The exact value of this would depend upon the orifice size connecting the pre-combustion 
chamber and the main chamber, and the speed. Higher the speed greater is the loss and smaller the 
orifice size, greater is the loss. 

5. Piston mechanical friction : 

It can be sub-divided into : 

(i) Viscous friction 

(ii) Non-viscous-friction—(a) friction due to ring tension. 

(6) friction due to gas pressure forces behind the ring. 

The viscous friction depends upon the viscosity of the oil and the temperature of the various 
parts of the piston. 

(b) Piston Mechanical friction can be sub-divided into : 

( i ) Viscous friction 

(ii) Non-viscous friction 

(a) friction due to ring tension. 

(b) friction due to gas pressure forces behind the ring. 

The viscous friction depends upon the viscosity of the oil and the temperature of the various 
parts of the piston. The degree to which the upper part of the piston can be lubricated also effects the 
viscous friction. The oil film thickness between piston ,and the cylinder is also affected by the piston 
side thrust and the resulting vibration. 

Effect of engine variables on engine friction : 

1 . Effect ofstrokefbore ratio. The effect of stroke / bore ratio on engine friction and economy 
is very small. High stroke / bore ratio engines have equally good friction mep values as that for low 
stroke / bore ratio engine. Indications are that at high speeds the higher stroke / bore ratio engine 
may be at some disadvantage. 

2. Effect of cylinder size and number of cylinders. The friction and economy improves as 
a smaller number of larger cylinders are used. This is because the proportion between the working 
piston area and its friction producing area, i.e. circumference is reduced. 

3. Effect of piston rings . The effect of number of piston ring is not very critical and this 
number is usually chosen on the basis of cost, size and other requirements rather than on the basis 
of their effect on friction. 

4. Effect of compression ratio. Friction means effective pressure increases as the compres¬ 
sion ratio is increased. But the mechanical efficiency either remains the constant or improves as the 
compression ratio is increased. If the displacement is varied to keep the maximum engine torque 
constant, this results in better part load friction characteristics. 

5. Effect of engine speed. Engine friction increases rapidly as the speed increases. The best 
way to improve mechanical efficiency at high speed is to increase the number of cylinders. 

6. Effect of oil viscosity. Higher the oil viscosity greater is the friction loss. The temperature 
of the oil in the crankcase significantly affects the friction losses, wear and service life of an engine. 
As the oil temperature increases the viscosity decreases and friction losses are reduced during a cer- 

. tjzin temperature range. 

1 .Effect of cooling water temperature. A rise in cooling water temperature reduces engine 
friction through its effect on oil viscosity. 

During starting operation the temperature of both the oil and the water is low, hence, the 
viscosity is high. This results in high starting friction losses and rapid engine wear. 
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internal combustion engines 


tender^ “ «" blinder has a 

Measurement of frictional power (P.P.) ; 

The frictiona 1 power of an engine can be determined b, the following methods ■ 

1. Willan’s line method (used for C.I. engines only) methods. 

2. Morse test 

3. Motoring test 

4. Difference between I.P. and B.P. 

1 . Willan’s line method: 

^ r ° SS Consumption^e^dings are taken. 1 A^r^phls^then^ra 60 ^ ff f* C0ITeSp0ndi ^ B P - and 
as in Fig. 17.4. The graph drawn in called the WiDan V^n ^ ° f fU ® consum P tion against B.P. 
engine), and is extrapolated back to cut the B Paris at II” {anal °&° us to Willan’s line for a steam 
power loss of the engine at that speed. The fuel consumnth^ T B n ^ ° L iS taken as the 
relationship between fuel consumption and B P is assumed ,S .? Ven hy0M ’ and ifthe 

OM is equivalent to a power loss of OL. aSSUmed to be linear > ‘hen a fuel consumption 



Fig. 17.4. Willan’s line method. 

* -\7eWm S U t ° nly 1 Case 0funthM engines as discussed below : 

load) at constant speef^e intm^criono^ttF ^“V Versus , ,oad (from no load to full 

gives the friction £owerofthe^engtl at hat'V'^T? 6 ^ 3 ^ Side ° fX ' axis 
assumed constant from no load to full load at tL? eed 'f Th f frlC * IOn P ° Wer (P P ) is 
no! on,, «oh.„,o,l Wo.l'," “XIS“' 
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For a throttled engine if such a trial is carried out, the throttle position has to be varied from 
pst closed at not load to full open at maximum load, to keep the engine speed constant. Therefore 
jumping load v/ill be bigger at no load, and reduce gradually as the load is increased. In other 
fords, the pumping power and therefore the F.P. will not remain constant, as is the assumption in 
\ttians line method. 

Limitations: 

The following are the limitations of William’s line method. N 

1. Applicable mainly to C.I. engines only. 

2. The fuel-consumption— brake power line is not straight line, but turns up slightly at low 
ads and considerably near full load. Unless sufficient data are taken to accurately plot the straight 
Tie portion of the curve, the results will be significantly in error. 

2 . Morse test: 

In ‘Morse test* (already discussed), frictional power can be found by subtracting (B.P.) from 

F.P. = (I.P.) B - (B.P.) n 
;ere n is the number of cylinders. 

3. Motoring test : 

• In this test the engine is first run upto the desired speed by its own power and allowed to 
remain under the given speed and load conditions for sometime so that oil, water and 
engine component temperatures reach stable conditions. The power of the engine during 
this period is absorbed by a dynamometer (usually of electrical type). The fuel supply is 
then cut off and by suitable electric switching devices the dynamometer is converted to 
run as a motor to drive or ‘motor’ the engine at the same speed at which it was previously 
running. The power supply to the motor is measured which is a measure of F.P of the 
engine. 

• Motoring test gives a very good insight into the various causes of losses and is much 
more powerful tool. This test gives a higher value of F.P. as compared to that given by 
Willian’s method. 

4 . Difference between I.P. and B.P. : 

The method of finding the F.P. by finding the difference between I.P. as obtained from an 
indicator diagram, and B.P. as obtained by a dynamometer is the ideal method. However, due to 
difficulties in obtaining accurate indicator diagrams, especially at high engine speeds, this method 
is usually only used in research laboratories and its use at commercial level is very limited. 

17.4. ENGINE PERFORMANCE CURVES 

• The following parameters are of importance 
— Torque 

— Power 

— Specific fuel consumption and its inverse 
— I.C. engine efficiency 

— Brake mean effective pressure is defined as brake power/swept volume x cyclic 
frequency. In this relation swept volume is constant. Also brake power = torque x angular 
speed, thus at constant speed, the b.e.m.p. is directly proportional to torque and either 
may be used. The haUo of brake mean effective pressure to the indicated mean effective 
pressure (from indicatta^diagram) may seem to be equal to the ratio of brake power to 
the indicated power which\is defined as mechanical efficiency. Thus indicator diagram 
and the output torque may\be connected with a suitable allowance for mechanical 
efficiency. 
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INTERNAL COMBUSTION ENGINES 


The torque-speed relations (Fig. 17.5Vexhibit a curve even though it would seen reasonable 
to expect the mean effective pressure to be constant at all speeds. However, at low speeds 
leakage through valves etc. becomes of greater significance so that the m.e.p. falls and at 
high speeds the volumetic efficiency causes the induced mass to fall with a parallel fall 
in m.e.p. The power curves are the product of the torque curves with speed. 


<D <D 

£ S- 

ffl O 
5 u 
CL ° 


mep 



Power 


i 


Speed ——► 

Fig. 17.5. Power-speed and torque-speed curves for the I.C. engine. 

Specific fuel consumption relations : 

S.I. Engines ; Refer Fig. 17.6. The curves are plotted for constant throttle opening, 
constant speed and constant ignition setting. The only variable is the air-fuel ratio. The effect of 




(a) 


(b) 



(c) 

Fig. 17.6. Specific fuel consumption-brake mean effective pressure curves for the S.I. engine. 
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ignition setting or speed may by ascertained by 
producing a new family of curves. An alternative method 
of plotting these parameters is to use the air-fuel ratio 
as the abscissa. Here it can be seen that maximum 
economy occurs with a slightly weak mixture. This 
means that there is excess air and combustion is 
complete. Maximum power occurs with a slightly rich 
mixture when all the available oxygen is used. The I.C. 
engine efficiency is the inverse of the specific fuel 
consumption with the constant calorific value as a 
factor. Thus the curves of specific fuel consumption 
(s.f.c.) also represent efficiency. The maximum value of 
brake I.C. engine efficiency for S.I. and C.I. engines are 
of the order 35% and 40% respectively. 

C.I. engine. The flat curve of Fig. 17.7 illustrates 
that at part load the compression ignition engine is more 
economical than the spark ignition engine. This is the 
benefit of quality control rather than quantity control of power. 

17.5. COMPARISON OF PETROL AND DIESEL ENGINES—FUEL CONSUMPTION LOAD 
OUTPUTS AND EXHAUST COMPOSITION 

I. Fuel Consumption : 

Fig. 17,8 shows fuel consumption loops, for both petrol and diesel engines, plotted on a base 

a - Excessively rich mixture gives slow and unstable 
combustion. 

6 = Maximum b.m.e.p. with something like 16-20% rich 
mixture. 

c s: Correct stoichiometric mixture of 14.7 : 1 by weight 
d = Maximum thermal efficiency with something like 
10-20% weak mixture (approaches ideal constant 
volume combustion). 

e = Excessively weak mixture gives slow burning and 
popping back through air intake. 
f= Maximum b.m.e.p. with satisfactory clear exhaust 
requires mixture strength of about 18 :1 by weight. 
g-h - Maximum thermal efficiency, minimum specific fuel 
consumption ranges between 50-85% of maximum 
b.m.e.p. 

i = No-load (low speed idle) requires mixture strength 
100-75 :1 by weight. 


base of engine load (b.m.e.p.). 

• In case of a diesel engine, load and speed output is controlled entirely by varying the 
quantity of fuel injected into the cylinder without misfiring occurring, that is, from 
0-100% of the maximum b.m.e.p. developed. 

• With the petrol engines, however, if there was no throttle (full throttle position) the 
effects of varying the mixture strength from the richest position (a) to the weakest position 


of brake mean effective pressure (b.m.e.p). 



Fig. 17.8. Comparision of fuel consumption 
loops for petrol and diesel engines on a 



Fig. 17.7. Specific fuel consumption- 
brake mean effective pressure curve for 
the C.I. engine. 
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INTERNAL combustion engines 



that is d from Km!e.p°(Rg 21 17 P0SSiWebjM *- 

output control can not be achieved alone g ' ]f h Therefore the P etr °l engine’s 

prattling the mixture coming into-the cylinder ZleslsTnlZ *""** “ d 

II. Load Outputs: 

to no load whereas' thTpumping T^foTapeTrduZ reaSOnahly c °™tant from full load 
is reduced due to the increased throttling Thk ' ep ™ gresswely riseas the b.m.e.p. 
mechanical efficiency reducing asTm eTdS^/ ^ d “ the petro] ei ^ ne b ? 
to take up higher and higher levels of consum f S causes the consumption loops 
tied (Fig. 17.9). In contrast with the diesel enri“ “ Z bec °™* *«« throt- 
consumption loop only begins to rise when the 2! d h ® TV" reduCed the sin &le 
gine s maximum b.m.e.p. (Fig. 17 . 9 ) ’ m e,p ‘ drops below about half the en- 



. ^ r~ ° f '° ad (b m ' e P - ) f ° r Petr °‘ and engine on base of.ir-fi.el ratio. 

ranging from 20: l toloZ, whereas^ dZelenZ^ ? nditions over a rnixture strength 
of its air charge with a reasonably clear exhaust Zll WhlCh Z normally only utilize 80 % 
at full lead to 100:1 at no load. Consequentl J the ° Pe \ atefrom 18 • l > that is 20% weak 
•20% higher maximum b.m.e.p. than a similar* diesd2&S5J? 7 5T b™ 3 15 ‘° 


III. Exhaust Composition 

on a baJofair.fuel°ratio he t° nd diesel ^nes 

mixtur^move^fromTh^stoichdometrk'tld^y .°j l j^ rbon . monoxide (CO) formed as the 
10 : 1. This being within the petroW^’s mixt.r J the ™ h region of ^ 

and full power conditions. In contrast the diesel engi^d^ 
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with mixture strengths greater than 20% rich, that is 18 : 1 by weight, so that no carbon 
monoxide (CO) is present in the exhaust (Fig. 17.10). 



Fig. 17.10. Comparison of composition of exhaust gases for petrol 
and diesel engines on a base of air-fuel ratio. 

— The carbon dioxide (C0 2 ) emission produced by the diesel engine relative to the petrol 
engine is always much lower, particularly as the engine load is reduced, whereas the 
petrol engine in the stoichimetric (14.7 : 1) band operates with the highest level of C0 2 . 


17.6. GOVERNING OF I.C. ENGINE 


The function of a governor is to keep the speed of engine constant irrespective of the changes 
in load on the engine. The governor is usually of centrifugal type. 

In petrol engine, the control is exercised by means of a throttle valve which is placed in intake 
manifold. The quantity of mixture entering the cylinder depends on the amount of opening of throt¬ 
tle valve. The position of throttle valve is controlled by the governor (centrifugal type). In diesel 
engines, the flow of fuel is controlled by centrifugal governor which actuates link rods which in turn 
operate some device on the fuel pump and consequently portion of the fuel by passes. The governor 
in plunger type injection pump alters the relative angular position of the plunger. 

Following are the methods of governing I.C. engines : 

(i) Hit and miss method 
(u) Quality governing 
(Hi) Quantity governing 

( i ) Hit and miss method. Refer Fig. 17.11. When the speed increases the permissible value 
the governor sleeve S gets lifted up, as a result of whicRthe lever A lifts the distant piece B , so that 
the pecker K misses it. Thus the gas inle^valveTHoes not open and the usual charge does not enter 
the cylinder. This continues unjtihtftespeed is reduced and B occupies its initial position. Explosions 
are thus missed intermittently but every charge is of normal strength. This method is commonly 
used in gas engines . 
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INTERNAL COMBUSTION ENGINES 



Fig. 17.11. Hit and miss governing. 

(ii) Quality governing. In this method of governing, the mixture strength is altered. In gas 
engine it is effected by reducing the amount of gas supplied to the engine. This is accomplished by 
varying the lift of the gas valve. In oil engines, quality governing is carried out by varying the 
quality of fuel oil entering the cylinder per cycle, it is done by changing the angular position of the 
helical groove of the pump plunger. 

In this type of governing, the ignition is not always satisfactory and thermal efficiency is 
reduced . 

(Hi) Quantity governing. Here mixture strength remaining the same, the quantity of mix¬ 
ture entering the cylinder is altered. When the speed is too high a lesser amount of charge is admit¬ 
ted into the cylinder. The compression ratio and air standard efficiency remain unchanged. The 
pressure after compression and during working stroke is lower, the less work thus obtained during 1 
the cycle reduces the speed. This method is preferred for large engines. 

17.7. NOISE ABATEMENT 

A lot of research and developement is in progress towards reducing engine and exhause 
noise. This can be accomplished by the following three ways : 

1. Passive 2. Semi-active 3. Active 

• Noise redaction is accomplished passively by correct design and the use of proper 
materials. 

— The use of ribs and stiffners, composite materials, and sandwich construction is 
now routine. This type of construction reduces noise vibrations in the various engine 
components. 

• In semi-active noise abatement systems, hydraulics are often used. 

— Some engines are equipped with flywheels which have hydraulic passages through 
which fluid flows. At idle and other constant-speed operation, the system is designed 
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to give the flywheel the proper stiffness to absorb engine vibrations for frequence 
at that condition. When acceleration occurs the flywheel fluid flows to other locabons 
changing the overall stiffness of the flywheel and making it more absorbent to the 
new vibration frequency. 

_ Some automobiles have hydraulic engine mounts connecting the engine to the auto¬ 
mobile body. Fluid in these mounts acts to absorb and dampen engine vibrations and 
isolate them from the passenger compartment. Engine mounts using electrorheo- 
logical fluid are under development which will allow better vibration dampening at 
all frequencies. The viscosity of these fluids can be changed by as much as a 
factor of 50 : 1 with the application of an external voltage. Engine noise (vibra 1 
is sensed by accelerometers which feed this information into the engine manage¬ 
ment system (EMS). Here the frequency is analysed and proper voltage is applied 
to the engine mounts to best dampen that frequency. Response time is of the order 

of 0.005 second. . 

Active noise abatemen is accomplished by generating ‘antinoise to cancel out engine 
exhaust noise. This is done by sensing the noise with a receiver, analyzing the- f req ^ y 
of the noise, and then generating noise of equal frequency, but out of phase with theongi 
nal noise. If the noises are at the same frequency but 180° out of pha.sethewavefronts 
cancel each other and the noise is eliminated. This method works well with constant 
speed automobile engines. It requires additional electronic equipment (receiver, fre¬ 
quency analyzer, transmitter) than that used with normal EMS computers. 

_ Some automobiles have receivers and transmitters mounted under seats m the 
passenger compartment as an active engine noise abatement system. Simiar sys¬ 
tems are used near the end of the tail pipe, a major source of engine-related noise. 
Noise reduction has been so successful that some automobiles are now equipped with a 
safety switch on the starter. At idle speed, the engine is so quiet that the safety switch is 
required to keep drivers from trying to start the engine when it is already running. 


WORKED EXAMPLES 



Example 17.1. A two-stroke cycle internal combustion engine has a mean effective pressure 
of 6 bar. The speed of the engine is 1000 r.p.m. If the diameter of.piston and stroke are 110 mm 
and 140 mm respectively, find the indicated power developed. 

Solution. Mean effective pressure (indicated), p mi = 6 bar 
Engine speed, hf - 1000 r.p.m. 

Diameter of the piston, D - 110 mm = 0.11 m 
Stroke length, L - 1^0 mm = 0.14 m 

Indicated power developed, P : 


np m i LANk x 10 

IPs ■ - -kW 

i.r. 6 
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internal combustion engines 


n = 4 

p = 14.7 kW 
N = 1000 r.p.m. 

= 5-5 bar 
^ “ 1.5 D (bore) 


Solution. Number of cylinder, 
Power developed, 

Engine speed, 

Indicated mean effective pressure 
Length of stroke, 


For four stroke cycle, 


Indicated power developed, 


k .= A 
2 

LH : 

ip _ LANk x 10 
•" ^- kW 


4 x 5.5 x 1.5£) X 


14.7=- 
Z) 3 = - 




1000 x — x 10 


14.7 x 6 x 4 x 2 


= 0.0006806 


and 


4 x 6.5 x 1.5 x tc x 1000 x 10 
D = 0.0879 or 87.9 mm. (Ans.) 

E " L8x 87 -9= m.8 mm . (Ans0 

The 

rover of 2 en ;27 8 balanCB 30 "■ ** [ ££* * £ *£ 

Dead load on the brake, W=>200N 

Spring balance reading, S = 30 n 
E ngine speed, *=450 r.p.m. 

Brake power, B.P. • 


Brake power is given by, B.P, 


(W ~S) n (D h +d )AT 


“ kW 


= 2.5 kW. (Ans.) 


60x1000 

= lggg _~ 30)a(0.6 + 0.0961 v ann 
Example 174 j a, ,. , ^ 1000 

torque of 160 Nm at 3000 r.pl cllculaZkee^n^ e ^^o psamax imum brake 

effective pressure at the maximum M Jan 

point is 960 kPa. Assume bore is equal to stroke. 

Solution. Given : n = 4 ■ A - I f Pncri v. • (DATE-1992) 

• 2 (engine being 4-stroke cycle), T fc = 160 Nm 

N = 3000 r.p.m, = 960 kPa = 960 x 10 3 N/m 3 = 9 . 6 bar ’. D = L 
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D, L, displacement: 

Power developed = - 2nNT l> kw _ P m LANk x 10 
60x1000 6 

2nNT h p m LANk x 10 


60x1000 “ 

Substituting the values, we get 


2rc x 3000x160 9.6 x D x~xD 2 x 3000 x i x 10 

60 x 1000 = ~ g 

50.265 = 18849.6 D* 

( 50.265 V 73 


B= I 


1,18849.6 J 

L - D = 138.7 mm. (Ans.) 


= 0.1387 m or 138.7 mm. (Ans.) 


Displacement = “D 2 x L = ~ x 0.1387 2 x 0.1387 

4 4 

= 0.002095 m 3 . (Ans.) 

Example 17.5. A turbocharged six-cylinder diesel engine has the following performance de¬ 
tails : 

(t) Work done during compression and expansion = 820 kW 

(ii) Work done during intake and exhaust = 50 kW 

(iii) Rubbing friction in the engine = 150 kW 

(iv) Network done by turbine = 40 kW 

If the bi ake mean effective pressure is 0.6 MPa, determine the bore and stroke of the engine 
taking the ratio of bore to stroke as 1 and engine speed as 1000 r.p.m . (GATE-1998) 

Solution. Given : p mb =0.6 MP a = 6 bar ; ~ - 1; N = 1000 r.p.m. 

D, L: 

Net work available = 820 - (50 + 150 + 40) = 580 kW 


Hence D = L 


BP = n x Pmh LANk x 10 
6 

6x6 xDx~D 2 x 1000 x - x 10 
580 ---- 2 -= 23562 D s 



290.8 mm. (Ans.) 


= 0.2908 m 


or 290.8 mm 


Example 17.6. A spark-ignition engine, designed to run on octane (C z H l9 ) fuel, is operated on 
methane (CHj. Estimate the ratio of the power input of the engine with methane fuel to that with oc¬ 
tane. In both cases the fuel ratio is stoichiometric, the mixture is supplied to the engine at the same con¬ 
ditions, the engine runs at the same speed, and has the same volumetric and thermal efficiencies. The 
heating valve of methane is 50150 kJ l kg while that of octane in 44880 kJIkg./ (U.P.S.C.-1994) 
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Solution. In spark ignition engine, the air standard efficiency is given as : 

\ _ 1 

^air-standarti'“ ^ — ^yy-1 » 

where r is the compression ratio which depends on engine parameters and has no relevance to fuel 
e.g., quantity, type, calorific value etc. 

Indicated power of engine is given by : 


p LANk x 10 
IP. = m - - 


kW 


when L (length), A (area) and AT (r.p.m.) depend on engine construction. 
Only p m (mean effective pressure) depends on engine operation. 
For air-standard Otto cycle, 


Net work 
Displacement 


Q m x efficiency 
Displacement 


where is the energy supplied. 

Since in proportional to the mass of the fuel supplied times calorific value of 
fuel, therefore 


( Power )methane __ ^methane 

(Power),*^ 

^octane 


50150 

44880 


1.117. (Ans.) 


Example 17.7. A large diesel engine run on four-stroke cycle at 2000 r.p.m. The engine has a 
displacement of 25 litres and a brake mean effective pressure of 0.6 MN/m 2 . It consumes 0.018 kgl 
s of fuel (calorific value - 42000 kJ / kg). Determine the brake power and brake thermal efficiency. 


(GATE-1999) 

Solution. Given : N = 2000 r.p.m. ; k - ~ (4-stroke cycle engine); 

Displacement (A x L) = 25 litres = 25 x 10 -3 = 0.025 m 3 ; p mb = 0.6 MN/m 2 = 6 bar 
™ f = 0.018 kg/s ; C = 42000 kJ/kg 
Brake power, B.P.: 


p LANk x 10 
BPs m 6 

6 x 0.025 X 2000 x i x 10 

=--- 2 -= 250 kW. (Ans.) 

o 

B P 

Brake thermal Efficiency, fin, (B) = ^ x q 


250 

0.018 x 42000 


= 0.3307 or 33.07%. 


(Ans.) 


Example 17.8. A rope brake was used to measure the brake power of a single cylinder, four- 
stroke cycle petrol engine. It was found that the torque due to brake load is 175 N-m and the engine 
makes 500 r.p.m. Determine the brake power developed by the engine. 
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Solution. Torque due to brake load, T - 175 N-m 
Engine speed, N = 500 r.p.m. 

Brake power, B.P.: 

2nNT 2n x 500 x 175 


Brake power, 


B.P. = 


= 9.16 kW. (Ans.) 


60 x1000 60 x1000 

Example 17.9. Following observations were recorded during a test on a single cylinder oil 
engine ; 

Bore - 300 mm ; stroke = 450 mm ; speed = 300 r.p.m. ; i.m.e.p. = 6 bar ; net brake load ~ 
1.5 kN; brake drum diameter -1.8 metres ; brake rope diameter - 2 cm. 

Calculate : (i) Indicater power; (ii) Brake power; (Hi) Mechanical efficiency. 

(AMIE, Winter 1996) 

Solution. Bore of engine cylinder, D = 300 mm - 0.3 m 

Stroke length, L = 450 mm = 0.45 m 

Engine speed, N = 300 r.p.m. 

Indicated mean effective pressure, p mi = 6 bar 
Net brake load, (W - S) = 1.5 kN 

Diameter of brake drum, D b - 1.8 m % 

Brake rope diameter, d = 2 cm - 0.02 m 

( i ) Indicated power, I J\ : 

^ 71 Pmi LANk X10 ^ ^ 1 

IJP- = m g {where k - ~ .four-stroke engine and n - no. of cylinders] 


1 x 6 x 0.45 x - x 0.3 2 x 300 x - x 10 
i _2 


6 

(ii) Brake power, B.P.: 

(W-S)it(D. +dW 
B.P. = — * 


= 47.71 kW. (Ans.) 


1.5 xn(1.8 +0.02) x 300 


s 42.88 kW. (Ans.) 


60 60 
(iii) Mechanical efficiency, Ti meclu : 

B.P. 42.88 

Bmech. = = 0.8987 or 89.87%. (Ans.) 

Example 17.10. The power output of an I.C. engine is measured by a roped brake dynamo¬ 
meter. The diameter of the brake pulley is 700 mm and the rope diameter is 25 mm. The load on the 
tight side of the rope is 50 kg mass and spring balance reads 50N. The engine running at 900 r.p.m. 
consumes fuel of calorific value of44000 kJ I kg, at a rate of 4 kgih. 

Assume g = 9.81 m/s 2 . Calculate : 

(i) Brake specific fuel consumption. 

(ii) Brake thermal efficiency. (GATE-1997) 

Solution. Given : D b = 700 mm = 0.7 m , d = 25 mm, = 0.025 m, 


W = 50 kg, S = SON; N=900 r.p.m. ;C = 44000 kJ/kg, rh f 
(i) Brake specific fuel consumption, b.s.f.c ; 

(W-S)n(D b + d)xN 
60 x1000 


: 4 kg/h 


Brake power, B.P: 


■ kW 
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(5Qx 9.81 - 50) x n (0,7 + 0.025) x 900 
60 x 1000 


■ 15.05 kW 


Brake specific fuel consumption, 


u ^ m f(kg/h) 4 

B.p.(kw) = JEm = 0 - 26 «kj/hw-h. cam.) 


(“) Brake thermal efficiency, : 

B.P. 

%(B,= ^7c 

15.05 


(4/3600) x 44000 


(where m f = Fuel used, in kg/s) 
= 0.3078 or 30.78%. (Ans.) 


or wo SSTiSE ^ a rrr: mtw of8 and bore 

The engine operates at a speed of 4800 r.p.m wlZnair^Zio^lT ” " ^ * 75% ' 

= tl2 kg/m?, neon 

the indicated thermal efficiency and the brake power"™ ° fthe englne = 


Solution. Given : Number of cylinders, » . 4 . A - | (engine being four-stroke), 

A- f, i *• r= fc D / = 100 mm = 01 m ’ L = D = 01 m '• ’Voi = 75%;JV= 4800 r.p.m 
Air-fuel ratio = 15 ; C = 42 MJ/kg; p = 1.12 kg/m 3 ; Pmi = 10 bar, Ti mech = 80%. 

Indicated thermal efficiency, a) : 

Indicated power, IP = n P{,u x 1° 

6 

4 x 10 x 0.1 x ^ x 0.1 2 j x 4800 x ~ x 10 

= T ~ 6 - kW = 125-66 kW 

Air consumption = nx xixj * n vol 


= 4 x 4 x 0 . 1 2 x 0.1 x x 0.75 

= 5.655 m 3 /min = 0.09425 m 3 /s 


Mass flow of air, 
Fuel consumption, 


Brake power, B.P. 

Brake power 


rhf - 


0.09425 x 1.12 = 0.1056 

0-1056 0.1056 

Air fuel ratio = 15 

I.P. 


kg/s 

= 0.00704 kg/s 


T, ‘W» _ m f xC 


125.66 x IQ 3 
0.00704 x 42 x 10 6 


= 0.425 or 42.5%. 


(Ans.) 


= Indicated power x T] mech 
= 125.66 x 0.8 = 100.53 kW. (Ans.) 
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Example 17.12 • A single-cylinder four-stroke diesel engine running at 1800 r.p.m. has a bore 
of 85 mm and a stroke of 110 mm. It takes 0.56 kg of air per minute and develops a brake power 
output of 6 kW while the air-fuel ratio is 20:1. The calorific value of the fuel used is 42550 kJ/kg, and 
the ambient air density is 1.18 kg/m 3 . Calculate. 

(i) The volumetric efficiency, and 

(ii) Brake specific fuel consumption. (GATE-1995) 

Solution. Given : N = 1800 r.p.m. ; D = 85 mm = 0.085 m ; Z, = 110 mm = 0.11 m ; 

Air flow rate, m = 0.56 kg/min.; B.P. = 6 kW ; Air-fuel ratio = 20 : 1 ; 

C = 42550 kJ/kg; p = 1.18 kg/m 3 
(i) The volumetric efficiency, rj vo ^ j 

7t W 

Volume displacement = *7 D 2 x L x — 

4 2 


Mass of air 


= f x (0.085) 2 X 0.11 X —■ = 0.5617 m 3 /min 


= 0.5617 x 1,18 = 0.663 kg/min 
0 56 

Volumetric efficiency 


0.663 


= 0.845 or 84.5%. (Ans.) 


(ii) Brake specific fuel consumption (b.s.f.c.): 

Fuel consumption = J~~- Q = ^ = 0.028 kg/min. 

**• Brake specific fuel consumption = — usec * ^ ^our 


B.P. 


kg/kW-h 


0.028 x 60 


= 0.28 kg/kW-h. (Ans.) 


o 

r j E ?“ ple l ™ 3 ' Followin 8 data refer to a four-stroke double-acting diesel engine having 

cylinder diameter 200 mm and piston stroke 350 mm. 


m.e.p. on cover side 
m.e.p. on crank side 
Speed 

Diameter of piston rod 
Dead load on the brake 
Spring balance reading 
Brake wheel diameter 
Brake rope diameter 


- 6.5 bar 

- 7 bar 
= 420 r.p.m. 

= 20 mm 
~ 1370N 
= 145 N 
= 1.2 m 
= 20 mm 

Calculate the mechanical efficiency of the engine. 

Solution. Pjnftcover) “ ^ >ar » Pmi(crank) “ ^ ^ ar > ^ = 6.2 m, L = 0.35 m, 

N = 420 r.p.m., d^ = 20 mm = 0.02 m, W = 1370 N, 5 =145 N, 

* 1 

D 6 ~ ^-2 m, d = 0.02 m, k - ~ ... 4-stroke cycle engine 
Mechanical efficiency ; : 

Area of cylinder on cover end side, 

A»ver = D 2 = (tc/ 4) X (0.2) 2 = 0.0314 i m 2 
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Effective area of cylinder on crank end side, 


Indicated power on cover end side, 


A crank = M ^ “ d tod ) = */4 (0.2 2 - 0.02 2 ) = 0.0311 m 2 


I.P, 


(cover) " 


Pmi (cover) x LANk X 10 


6.5 x 0.35 x 0.03141 x 420 x i x 10 
_2 

6 


= 25 kW 


Indicated power on crank end side, 

Pmi(crank) x ^WAxlO 


IP,. 


7 x 0.35 x 0.0311 x 420 x - x 10 
2 


26.67 kW 


Total 

Now, brake power, 


I.P. = 25 + 26.67 = 51.67 kW 

(W-S )n(D^ +d)N (1370 - 145ML2 + 0.02)x 420 


B.P. 


60 x1000 
= 32.86 kW 


60 x 1000 


kW 


Mechanical efficiency , Tj mech = 


B.P. 32.86 


= 0.6359 = 63.59%. (Ans.) 


I.P. ~ 51.67 

Example 17.14. The following data refer to an oil engine working on Otto four-stroke cycle : 
Brake power = 14.7 kW 

Suction pressure = 0.9 bar 

Mechanical efficiency = 80% 

Ratio of compression = 5 

Index of compression curve =1.35 

Index of expansion curve =1.3 

Maximum explosion pressure = 24 bar 
Engine speed = 1000 r.p.m. 

Ratio of stroke : bore = 2,5 

Find the diameter and stroke of the piston. 

Solution. Refer Fig. 17.12. 

B.P. = 14.7 kW, pj = 0.9 bar, ri mech = 80%, r = 5, p z = 24 bar 
N = lOOOr.p.m., ^ = 1.5 


D »?, L»? 


Compression ratio, 


To find p 2 , considering compression process 1-2 , we have 


PiV 1 135 ^P 2 V 2 

Pi 


= (5) 1 - 35 = 8.78 
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or 



P 2 ~P j x 8.78 = 0.9 x 8.78 = 7.9 bar 
To find p 4 y considering expansion process 3-4 , we have 

P 3 V 3 1S= Pi V * 13 

\1.3 


PjL 

*4 


= hr - (5) 1 ' 3 = 8.i 


Work done/cycle 


po 24 

^=ii=8i= 2 - 96bar 

= Area 1-2-3-4 

= Area under the curve 3-4 - area under the curve 1-2 

_ P3 V 3 - P4 V i P2 V 2 - PiVi 
1.3-i ' 1.35 -1 


_ P3 V 3 ~ P4^4 P 2 V 3 ~ Pi y 4 

0.3 0.35 

_ I0 5 (24V 3 - 2.9V 4 ) 10 5 (7.9V 3 - 0.9V 4 ) 

0.3 0.35 

= 10 s [(80V 3 - 9.86V 4 ) - (22.57V 3 - 2.57V 4 )1 
= 10 5 (80V 3 - 9.86V 4 - 22.57Vg + 2.57V 4 ) 

= 10 6 (57.43V 3 - 7.29V 4 ) 


= 10 5 (57.43V 3 - 7.29 x 5V 3 ) 
= 10 5 x 20.98 V 3 N-m. 


[v V x = V 4 and V 2 = V 3 ] 



jj 



Visit: www.Civildatas.com 



































Xivildali^X'UIII 


564 
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Mean effective pressure (theoretical). 

Work done/cycle 
Stroke volume (V t ) 

= 10^2098^ 10^x2098^ 


P m = - 


Now, 


<V 

B.P. 

'oiech. ~ Y p 

i.p, B p 


^mech. 




14.7 

0.8 


w 3 -v 3 


= 18.37 kW. 


: 10 6 x 5.245 N/m 2 or 5.245 bar. 


To find D and L : 


I.p, = Si£ kw 


14 . 7 = 5 - 245xl - 5 J, x>t/4xI? 3 xl000 x l y1 n 

C " "-— 


n3 _ 14.7 x 6 x 4x2 

or 5.245 x 1£ x K x 1000X10 = °-002866 

and rrr—- ^ 

i = 1.5Z) = 1.5x142 = 213 mm. (A™.) 

Example 17.15. The following results , . 

Indicated power = 30kW- , . a test on a P etr ol engine : 

Engine speed = WOOr.pm ■ = *W; 

Calorific value of the fuel used = 4390oZ/Z ^ W = °' 35 ^ - 

(iOTheb I* lndicated thermal efficiency, 

III) The brake thermal efficiency, and 

Wi) The mechanical efficiency 

Solution. Indicated power. 1P . = 30 kw 

Enti 6 P ° We j BP- = 26kW 

Engine speed, 

Fuel per brake-power hour = 0 35 k^Tp h 

Calorific value of the fuel used, C = 4390 ^ 

Now, fuel consumption per hour = 0 ^ 2 ^ 9 , t A 
W Indicated thermal efficiency, = W kg/h 

- 30 


f 9-1 ) 

l3600 ) 


= 0.27 or 27%. (Ans.) 


x43900 


in) Brake thermal efficiency, 

_ B.P. 

%{B) ~ hyxC 


26 


9.1 

3600 


x43900 


0.234 or 23.4%. (Ans.) 
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{Hi) Mechanical efficiency, 


B.P. 26 

^mech. = ^ “ 0.866 or 86.6%. 


(Ans.) 


I.P. ^ 30 

to ,. Exal nple 17.16. The output of an I. C. engine is measured by a rope brake dynamometer. The 

u„ dl f™ eter of the brake pulley is 750 mm and rope diameter is 50 mm. The dead load on the tight side 
WpOfthe rope is 400 N and the spring balance reading is 50 N. The engine consumes 4.2 kg/h of fuel at 
ii.-rated speed of1000 r.p.m. The calorific value of fuel is 43900 kJ/kg. Calculate: 

(i) Brake specific fuel consumption , and 
(it) Brake thermal efficiency . 


Solution. Diameter of brake pulley, 
Rope diameter, 

Dead load, 

Spring balance reading, 
Consumption of fuel 
Rated speed, 

Calorific value of fuel, 


D b - 750 mm = 0.75 m 
d~ 50 mm = 0.05 m 
W m 400 N 
S = 50 N 
- 4.2 kg/h 
N - 1000 r.p.m. 

C = 43900 kJ/kg 


kW 


Brake power, BP - t*K 

60x1000 

= (400 - 50)7t(0.75 + 0.05) x 1000 

~~ 60x1000 

(t) Brake specific fuel consumption, 

4 2 

s.f.c. (brake) = = 0.286 kg/kWh. (Ans.) 

(it) Brake thermal efficiency, 

B.P. 


= 14.66 kW. 


Tlth(B) m rhfXC 


14.66 


4.2 


x 43900 


3600 

(= Fuel used in kg/s) 

= 0.286 or 28.6%. (Ans.) 

of 100 f* a ? lple 17 ' 17 ' A ^-cylinder, four-stroke ‘Petrol engine’ having a bore of 90 mm and stroke 
efficiency is w co / npresslon ratln o f 7 - The relative efficiency with reference to indicated thermal 
value ffthe 0 1 mdKateds P ec 'fi' f uel consumption is 0.3 kg/kWh. Estimate the calorific 

r.pm fh f and ^ el consumptlon (in hg/h), given that the imep is 8.5 barand speed is 2500 


Solution. Number of cylinders, 

Bore of each cylinder, 

Stroke length, 

Compression ratio, 

Relative efficiency 

Indicates specific fuel consumption _„ ^ 

Indicated mean effective pressure, imep = 8.6 bar 
Engine speed, IV = 2500 r.p.m. 


(AMIE Summer, 1999) 


n = 6 

D = 90 mm = 0.09 m 
L = 100 mm = 0.1 m 
r = 7 

^relative — 55% 

= 0.3 kg/kWh 
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Calorific value of fuel (C) and fuel consumption (in kg/h) : 

1 „ 1 




Now, 


^relative 


(rj - 1 

^th (/) 


= 1- 


(7) L 


= 0.5408 


^air standard 

Indicated thermal efficiency, ri^ = 0.55 x 0.5408 = 0.297 

I.P. 1 


^IreUthre X standard 


But 


^~'m f xC 


0.297 = 


3600 


(0.3/3600) xC 
3600 


Now, indicated power, I.P. = 


0.3 xC 

np .LANk x 10 


c = 


0.297 x 0.3 


* 40404 kJ/kg. (Ans.) 


[where k - ~.four-stroke cycle engine] 


6 x 8.6 x 01 x - x 0.09 2 x 2500 x i x 10 

=- i -2- = 68.39 kW 

6 

Fuel consumption = 0.3 x 68.39 = 20.52 kg/h. (Ans.) 

Example 17.18. A 4-cylinder two-stroke cycle petrol engine develops 30 kW at 2500 r.p.m. 
The mean effective pressure on each piston is 8 bar and mechanical efficiency is 80%. Calculate the 
diameter and stroke of each cylinder of stroke-to-bore ratio 1.5. Also calculate the fuel consumption of 
the engine, if brake thermal efficiency is 28%. The calorific value of the fuel is 43900 kJ / kg. 
Solution. Number of cylinder, n = 4 


Brake power, 

Engine speed, 

Mean effective pressure 
Mechanical efficiency, 
Length of stroke, 

Brake thermal efficiency, 
Calorific value of the fuel, 


B.P. = 30 kW 
N = 2500 r.p.m. 

Pmi = 8 bar 

W-80% 

L = 1.5 D (bore) 

T lth(B) = 28% 

C = 43900 kJ/kg 

k » 1.for 2-stroke cycle engine 


(£) L - 7, D - ? 


_ B.P. 

Omech. — j p 

30 
I.P. 
30 


0.8 = 


\ 


Also, 


!.!>.= ^| =37.5 kW 
np .LANk x 10 

r ml 


I.P.= 


37.5 = 


4 x 8 x 1.52? x n / 4 D 2 x 2500 x 1 x 10 
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2)3 = 


37.5x6x4 


or 

and 


4 x 8 x 1.5 x n x 2500 x 10 

D = 0.062 m or 62 mm. (Ans.) 
L - 62 x 1.5 = 93 mm. (Ans.) 

(u) Fuel consumption : 

B.P. 

Brake thermal efficiency, - 


= 0.0002387 


0.28 = 


myxC 
30 


(m f - Fuel used in kg/s) 


riif x 43900 


= 0.28 x 439 -00 = 0 00244 ^ ° r 8/78 ^ ^ 

Example 17.19. A six-cylinder, 4-stroke SI engine having a piston displacement of 700 cm 3 
per cylinder developed 78 kW at 3200 r.p.m. and consumed 27 kg of petrol per hour. The calorific 
value of petrol is 44 MJ! kg. Estimate : 

(t) The volumetric efficiency of the engine if the air-fuel ratio is 12 and intake air is at 0.9 bar, 

32°C. 

(ii) The brake thermal efficiency, and 

(iii) The brake torque . _ 

(AMIE Summer, 1998) 


For air , R = 0.287 kJfkgK. 
Solution. Number of cylinders 
Piston displacement per cylinder 
Power developed, 

Speed of the engine, 

Mass of fuel used, 

Calorific value of fuel, 

Air fuel ratio 
Intake air pressure, 

Intake air temperature, 


= 6 

= 700 cm 3 or 700 x 10“ 6 m 3 
P = 78 kW 
N = 3200 r.p.m. 
m f = 27 kg/h 
C = 44 MJ/kg 
= 12 

Pi(=P*> = 0.9 bar 

T i ~ ( T a> = 32 + 273 = 305 K 


For air, ^ = 0-287 kJ/kg K 

(£) Volumetric efficiency of the engine, r) vol : 


m a - Air fuel ratio x mass of fuel 
° = 12 x 27 = 324 kg/h 

_ T/_J? T 1 nr- XZ — m g 

y = 324 x 0-287 x 305 _ 315.126 m 3 /h 
0 0.9 xlO 2 



Swept volume per hour = Piston displacement per cylinder x no. of cylinder x 2 x 60 

= 700x 10" 6 x6x x 60= 403.2 m 3 /h 

2 

Volume of intake air 

Volumetric efficiency, rj vol = 
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315.126 


„ 403.2 

(u) Brake thermal efficiency 

= Bra ke work 


= 0.781 or 78.1%. (Ans.) 


78 


78 x 3600 


Heat supplied by fuel = ZiZJrfl = ™ 7T . -«- 

97v 44X10 27 x(44xl0 3 ) 

= 0.2864 or 23.64%. (Ana.) 36 °° 


(iii) The brake torque, T fi : 

.2riVT 1 


P = 


60 

78x60 
B ~ 2kx3200 


JL or 78= 3200x7 ^ 


T - 

1 R ~ 


60 


= 0.2328 kN/m. (Ans.) 


°£iJ 63kW at 504 r P ™- ^^l f ru7b^r 8 Fi^!h^av‘ h “ Strohevolume of 1-75litresdevel- 
misfires m one minute. lnd the ave ™g e number of times each cylinder 

Solution. Number of cylinders, „ _ c 

Stroke volume, v . _ “ 

Engine speed, Kr _ n 

Mean effective pressure, 

Ay erage number of times each cyUnd^^^ 


I P=Sai MMxl0 kw 


26.3 = 


ex ex 1.75 X1 0~ 3 xATX1/2 X 10 

^F~ 


Iv LA = V s zz 1.75 x IQ' 3 m 3] 


N = 26 ’ 3 x e x 2 x 1000 

~6x 6 x 175 xTfT “ 500 r P- m - 


6 x 6 x 1.75 x 10 


500 


Actual number of fires in one minute = ^ x 6 = 1500 

Expected number of fires in one minute = — x 6 = 1512 

2 


Number of misfires/min. 


= 1512-1500= 12. 


Average number of times each cylinder misfires in one minute = H = 2 (Ans ) 

UunJs. 

inflated 650 mm. The petrol consumplio^foradUta^ofatk "'' ?*' ^ <fclmeter with tyre M* 
48 km per hour was found to be 0.227 kg. / 3 2 km when car was moving at a speed of 

o 

solution. Bore. r» m- 

Stroke length, ■» = 75 mm or 0.075 m 

L = 90 mm or 0.09 m 
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Number of cylinders, n = 4 

Engine to rear axle ratio =39:8 

Wheel diameter with tyre fully inflated = 650 mm or 0.65 m 

Petrol consumption for a distance of 3.2 km at a speed of 48 km/h = 0.227 kg 

Mean effective pressure, p^. = 5.625 bar 

Calorific value of petrol, C = 43470 kJ/kg 

k = 1/2.for 4-stroke engines 

Indicated power IP.: 

Speed of the car - AO *— /l ^ x *0^) 


= 48 km / h = 


60 


= 800 m/min. 


In N t are the revolutions made by the tyre per minute, then nDN t = 800 
*7 800 

N ‘ m TToEo * 392r p m 

As the rear axle ratio is 39 : 8. 

N e (speed of the engine shaft) = —* -- 9 = 1911 r.p.m. 


Ip = np j jii LANk x 10 kW 
6 

4 x 5.625 x 0.09 x n /4 x 0.075 2 x 1911 x - x 10 


= 14.25 kW. (Ans.) 

Indicated thermal efficiency: 

To find indicated thermal efficiency, let us find first: 


Speed of the car 


48 

= ^ = 0.8 km/min. 
32 

Time for covering 3.2 km = * 4 min. 

0.8 

Amount of fuel consumed in 4 min. = 0.227 kg 


0 227 

Fuel consumed/sec = — 1 - 

4x60 

Now, Indicated thermal efficiency , 
IP. 


= 0.000946 kg/s 


14.25 


= 0.346 or 34.6%. (Ans.) 


0.000946 x 43470 

Example 17.22. The following readings were taken during the test of a single-cylinder four- 
stroke oil engine: 

Cylinder diameter = 250 mm 

Stroke length = 400 mm 

Gross m.e.p. - y b ar 

Pumping m.e.p. = 0.5 bar 
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Engine speed = 250 r.p.m. 

Net load on the brake = 1080 N 

Effective diameter of the brake = 1.5 metres 

Fuel used per hour -10 kg 

Calorific value of fuel - 44300 kJfkg 

Calculate : (i) Indicated power ; (**) Brake power; 

(iii) Mechanical efficiency ; (iu) Indicated thermal efficiency. 

Solution. D = 250 mm = 0.25 m,L = 400 mm = 0.4 m, n =7 bar, 

P mp = 0.5 bar, N = 250 r.p.m., D b = 1.5 m, m f = = 0.00277 kg/s 

C = 44300 kJ/kg, n = 1, (W - S) = 1080 N 


Net 


Pm = Pmg -Pmp = 7 ~ 0 5 = 6.5 bar. 


(t) Indicated power IJ*.: 

LAAft x 10 1 x 65 x 0.4 x n / 4 x 0.25 2 x 250 x ~ x 10 

IP- _ _ - _. _ 2 

6 6 
Hi) Brake power, B.P.: 


kW = 26.59 kW. 


BP = g. -gwyy 10 8 0x^1. 5x250 

60x1000 60x1000 /KW . 


(iit) Mechanical efficiency, T| meclL : 

B.P. 21.2 


^mech. 


I.P. 26.59 

(iv) Indicated thermal efficiency, : 

I.P. 26.59 


0.797 or 79.7%. (Ans.) 


Tlth(I)= m f xC 


= 0.216 or 21.6%. (Ans.) 


0.00277 x 44300 

Example 17.23. The brake thermal efficiency of a diesel engine is 30 per cent. If the air do-fuel 
ratio by weight is 20 and the calorific value of the fuel used is 41800 kJ / kg, what brake mean effective 
pressure may be expected at S.T.P. conditions ? 

Solution. Brake thermal efficiency, ri^ = 30% 

Air-fuel ratio by weight = 20 

Calorific value of fuel used, C = 41800 kJ/kg 

Brake mean effective pressure, p mb : 

Brake thermal efficiency = Work produced 
Heat supplied 

•( 0 3 - W° r k produced 

41800 

Work produced per kg of fuel = 0.3 x 41800 = 12540 kJ 
Mass of air used per kg of fuel = 20 kg 
S.T.P. conditions refer to 1.0132 bar and 15°C 


Volume of air used = 


mRT _ 20 x 287 x (273 + 15) 
P ~ 1.0132 x 10 5 


= 16.31m 3 
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Brake mean effective pressure , 

Work done 

^ mb Cylinder volume 


12540x1000 


= 7.69 bar. (Ans.) 


16.31xl0 5 

Example 17.24. In a test on single-cylinder four-stroke cycle gas engine with explosion in 
every cycle , the gas consumption given by the meter was 0.216 m 3 per minute ; the pressure and 
temperature of the gas being 75 mm of water and 17°C respectively. Air consumption was 2.84 kg/ 
min., the temperature being 17°C and barometer reading 745 mm of mercury. The bore of the engine 
was 250 mm and stroke 475 mm and r.p.m. 240. 

Find volumetric efficiency of the engine referred to volume of charge at N. T.P. Assume R for air 
as 287 N ml kg K. 

V 1 = 0.216 m 3 /min. 

= 75 mm of water 
T x = 17 + 273 = 290 K 
= 2.84 kg/min 
= 17 + 273 = 290 K 
- 745 mm Hg 
D 250 mm = 0.25 m 
L = 475 mm = 0.475 m 
N ~ 240 r.p.m. 

= 287 N-m/kgK. 


Solution. Gas consumption, 
Pressure of the gas 
Temperature of gas, 

Air consumption 
Temperature of air 
Barometer reading 
Bore of the engine, 

Stroke of engine, 

Engine speed, 

R for air 

Volumetric efficiency, ri vol : 


Pressure of the gas, 
At N.T.P. 


75 

p. = 745 +- = 750.5 mm of mercury. 

1 13.6 


p 2 = 760 mm of mercury 
T 0 = 0 + 273 = 273 K 


To find volume of gas used at N.T.P. (V 2 ), using the relation : 


750.5x0.216 760 xV 


290 


V 9 = 


273 

750.5x0.216x273 


760 x 290 


= 0.201 m 3 


Gas used per stroke = 

* 240/2 

Volume occupied by air at N.T.P. (V) : 

pV = mRT 

mRT 


V = 


= 0.001675 m 3 


2.84x287x273 


Air used per stroke 


P 

2.196 

240/2 


1.0132 x 10 & 

= 0.0183 m 3 at N.T.P. 


= 2.196 m 3 /min 
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Mixture of gas and air used per stroke 

= 0.001675 + 0.0183 = 0.0199 m 3 


Volumetric efficiency, 




= ^ggllglHg££ L m i^re drawn per stroke at N. T P 


Swept volume of system 


0.0199 


0.853 or 85.3%. (Ans.) 


B Jt / 4 x 0.25 2 x 0 475 

Example 17.25. The following particulars werraht • .• 

Duration of trial it, btained m a trial on a 4-stroke gas engine ■ 

Resolutions = 1 hour 

Number of missed cycle 
Net brake load 
Mean effective pressure 
Gas consumption 
L. C. V. of gas at supply condition 
Cylinder diameter 
Stroke 

Effective brake circumference 
Compression ratio 
Calculate: (i) Indicated power 

(iii) Mechanical efficiency 
(u) Relative efficiency. 

14000 _ 700 
60 = 3 


Solution. 


N = 


= 1 hour 
=14000 
= 500 
= 1470N 
= 7.5 bar 
= 20000 litres 
= 21 kJ! litre 

= 250 mm 
= 400 mm 
= 4m 
= 6.5:1 

(ii) Brake power 

(iu) Indicated thermal efficiency 

r.p.m., W-S= 1470 N, 


P mi = 7.5bar;V = 22222 , 

s ocoo - 5.56 litres/s, 


' '* 3600 

D = 250 mm = 0 25 m, L = 400 mm = 0.4 m 
,., T ... = 4 m, r = 6.5, n = 1. 

• l > Indicated power, l.P. • 

l p _ n P mi LANky,l0 

ft 


rH200 - 5oo)/ 36 oo _ 6500 

^ 2 )/ ^0~ Workm g cycles / min. 


I.P. = 


60 

j_x_7^ x 0.4 x ic f 4 x Q. 2 K 2 x (6500/60) x 10 
6 ~- 


.... = 26.59 kW. (Ans.) 

Uj) Brake power, B.P.: 

B p _ ^ 1470 x 4 x (700 /3) 

(m) Mechanical efficiency,^ : ^ 

B.P. 22.86 


= 22.86 kW. (Ans.) 


_ _ n.r, cz.ito 

mech ' " IP. = 26.59 =0 * 859 or 85.9%, (Ans.) 
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V. 

(iv) Indicated thermal efficiency, : 

I.P. 26.59 

^twi) “V’xC = 55x21 == 0,23 or (Ans.) 

(v) Relative efficiency, r\ nUibfe : 

n _ ^thermal 

l relative 

1 lair-standard k 

„ i 1 , 1 

^aif-standard ^ ~ 1 — — or 52.7% 

0.23 

^relative “ q g <^rj ~ 0.436 or 43.6%. (Ans.) 

Example 17.26. The compression curve on the indicator diagram for a gas engine follows the 

law pV 1 - 3 - constant. At two points on the curve at ~ stroke and ~ stroke the pressures are 1.4 bar 

and 3.6 bar respectively. Determine the compression ratio of the engine. Calculate the thermal effi¬ 
ciency and the gas consumption per I.P. hour, if the relative efficiency is 0.4 and the gas has the 
calorific value of 18800 kJ/m 3 . 

Solution. Refer Fig. 17.13. 


P(bar) 



V(m 3 ) 


Compression law, 
Pressure at ‘ a\ 
Pressure at ‘b\ 
Volume at 'a\ 
Volume at *b\ 


pV 1 - 3 = constant 
p a - 1.4 bar 
p b - 3.6 bar 
V a = V c + 0.75V s 
v 4 = v e + 0.25V s 
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or 

or 


Also 


Also 


P a V^=P b V b '* 

\ 1/13 


s -(sr 


a ) 

V„ + 0.76V. 


= 2.067 


r = 2.067 


V, " V c + 0.25V, 

(V c + 0.75V,) = 2.067 (V, + 0.25V,) 
V. + 0.75V = 2.067V + 0.516V 


0.234V = 1.067V or = 4.56. 
* c V, 


V, +v„ 


Compression ratio 
Air standard efficiency, > 


1- 


+ 1 a 4.56 + 1 = 5.56. (Ans.) 
1 


(r) Y “ 


= 1 - 


(5.56> 


-rrr = 0.496 or 49.6% 

4 - 4-1 


But 


T, _ _ 

•relative 

'lair-standard 
0 4 - ^thermal 

0.496 

^1 thermal = 0.4 x 0.496 a 0.198 or 19.8%. (Ans.) 
I.P. 


^thermal 


0.198 = 


V xC 

R 


V K x18800 


(V^ = Volume of gas used in m 3 /s) 


V * = 0.198x18800 


m 3 /s : 


X 3600 


0.198x 18800 

= 0.967 m s /IP. hour. (Ans.) 

Example 17.27. A 6-cylinder petrol engine has a volume compression ratio of 5:1. The clear¬ 
ance volume of each cylinder is 0.000115 m 3 . The engine consumes 10.5 kg of fuel per hour whose 
calorific value is 41800 kJ!kg. The engine runs at 2500 r.p.m. and the efficiency ratio is 0.65. 

Calculate the average indicated mean effective pressure developed. 

Solution. The ideal cycle referred to the petrol engine working is Otto cycle. 


Number of cylinder, 

Compression ratio, 

Clearance volinjne of each cylinder 
Fuel consumed 
Calorific value of fuel, 

Engine speed, 

Efficiency ratio 


n = 6 
r = 5 

* 0.000115 m 3 
= 10.5 kg/h 
C = 41800 kJ/kg 
N = 2500 r.p.m. 

= 0.65. 
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Mean effective pressure developed, p m : 
Air-standard efficiency in case of Otto cycle is given by 

1 

^air-standard 


575 


, = 1- 


(rT 


1- 


(5r 


= 0.457 or 47.5 


Also, 


But, 


_ _ fithenna I 

"ratio _ 

1 lair-standard 

^1 thermal "* firatio X ^1 air-standard 


= 0.65 x 0.475 = 0.308 


- IR 

^thermal(I) “ m f XC 


or 0.308 = 


IP. 


0.308x41800x10.5 
* 3600 

Net work from one cycle per cylinder 

37.5 x 10 3 x 60 


10.5 
3600 ' 


x 41800 


= 37.55 kW = 37.5 x 10 3 N-m/s 


Also, 


6 x (2500/2) 

V +V 

£ =5 


= 300 N-m 


V c + V, = 5V t 

V, = 4V C = 4 X 0.000115 = 0.00046 m 3 
Mean effective pressure developed 


Pm = - 


w net per cycle 


300 


bar = 6.52 bar. (Ans.) 


V s 0.00046 xlO 5 

•S’Example 17,28. A 2-cylinder C.J. engine with a compression ratio 13 : 1 and cylinder 
stons of 200 mm x 250 mm works on two stroke cycle and consumes 14 kg/h of fuel while 
nning at 300 r.p.m. The relative and mechanical efficiencies of engine are 65% and 76% respec- 
%ly. The fuel injection is effected upto 5% of stroke. If the calorific value of the fuel used is given 
>41800 kJlkg, calculate the mean effective pressure developed. 

Solution. Refer Fig. 17.14. 


Biameter of cylinder, 
Stroke length, 
Number of cylinders, 
Compression ratio, 
Fuel consumption ✓ 
Engine speed, 
Relative efficiency, 
Mechanical efficiency, 
Cut-off 

Calorific value of fuel, 
Cut-off ratio, 


D = 200 mm = 0.2 m 
L - 250 mm = 0.25 m 
n = 2 
r = 13 
= 14 kg/h 
N= 300 r.p.m. 

^relative “ 

^lmech, = 7 6% 

= 5% of stroke 
C= 41800 kJ/kg 

k = 1.for two-stroke cycle engine 

V 3 

p= V 
y 2 
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V 3 " V 2 = 0.05 (13V 2 - V 2 ) 

V 3 -y 2 = 0 . 06 x 12 V 2 = 0 . 6 V 2 . 


1i = r = 


r = 13 


= 1.6 


Also, 


But 


■air-atandard 


= 1- 


1 

y(r)^ 1 


P~1 


= 1 - 


1 . 

fl.6 14 -l 

1.4(14) 1 - 4 - 1 

[ 1.6-1 


= 1 - 0.248 x 1.55 = 0.615% or 61.5% 

n . - _ ^thermal 

Relative ~ ~ - 

^1 air-standard 

0.65 = D thermal 

0.615 

^thermal = 06 5 X 0.615 = 0.4 


^thermal (I) ~ 


I.P. 


rh f xC 
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0.4 = 


I.P. 


14 

3600 


x 41800 


0.4x14x41800 

I.P. = - TZZZ- - = 65 kW 


3600 


Now, 


_ B.P. 

^mech. '"ip 


\ 


0.76 : 


where 


B.P. 

65 

B.P. = 0.76 x 65 = 49.4 kW 

Mean effective pressure can be calculated based on I.P. or B.P. of the engine. 

np LANk x 10 

I.P. = ml - - 

6 

p mi = indicated mean effective pressure 

2 x p . x 0.25 x n / 4 x 0.2 2 x 300 x 1 x 10 


65 = 


6 


P mi 


65 x 6 x 4 


= 8.27 bar. (Ans.) 


2 x 0.25 x 7i x 0.2 2 x 300 x 10 

and brake mean effective pressure, 

p mb = 0.76 x 8.27 = 6.28 bar. (Ans.) 

Example 17.29. Following data relate to 4-cylinder four-stroke petrol engine. Air-fuel ratio by 
weight =z 16: 2, calorific value of the fuel - 45200 kJ/ kg, mechanical efficiency = 82%, air-standard 
efficiency = 52%, relative efficiency = 70%, volumetric efficiency = 78%, stroke!bore ratio = 1.25, 
suction conditions - 1 bar, 25°C, r.p.m. = 2400, power at brakes = 72 kW. 


Calculate: (i) Compression ratio 
(Hi) Brake specific fuel consumption 
Solution. Air fuel ratio by weight 
No. of cylinders, 

Calorific value of fuel, 

Mechanical efficiency. 

Air-standard efficiency, 

Relative efficiency, 

Volumetric efficiency, 

Stroke / bore ratio, 

Engine speed, 

Suction conditions 
Stroke / bore ratio 
Brake power, 

(f) Compression ratio, r: 

For petrol engine, air standard efficiency is given by 

1 

^air-standard ” I 


(ii) Indicated thermal efficiency 
(iu) Bore and stroke. 

= 16:1 
n = 4 

C = 45200 kJ/kg 

iWh. = 82% 

^air-standard — 52% 

^relative = 

n vol . = 78% 

= 1.25 

N = 2400 r.p.m. 

p = 1 bar, T = 25 + 273 = 298 K 
= 1.25 

B.P. = 72 kW. 
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0.52 = 1 - - 


(r) 1 


(r ) 1 


■ = 0.48 


(r) °’ 4 = 048 = 2 *° 8 ° r r = (2 - 08)1/O4 = (2.68) 2 - 6 = 6.2 


i.e.. Compression ratio _ g (Ans ) 

(ii) Indicated thermal efficiency, : 

^relative = or 0.7 = 

'lair-standard 0.52 

1 ‘ 0 thermal (i) = 0*7 x 0.52 = 0.364 or 36.4% 

i.e., indicated thermal efficiency = 36.4%. (Ans.) 

(iii) Brake specific fuel consumption (b.s.f.c.) : 

B.P. 72 
0.82 


Indicated power, 
Also, 


I.P. = ■ 

^mech. 

LP. 

nu ><0 = m f xC 


-- 87.8 kW 


0.3641 


87 8 

m ~ x 45200 where ’ "V = FueI used ™ k 8 /s 


Brake specific fuel consumption, 

Fuel used / sec. 


b.s.f.c. = - 


B.P. 
0.00533 


87.8 

0.364 x 45200 = 0*00533 kg/s 


0.00533 

^2 


72 


x 3600 kg/kWh = 0.2665 kg / kWh. (Ans.) 

iiv) Bore and stroke : 

Mass of air-fuel mixture = 1 + 16 = 17 kg/kg of fuel 
" For 0,00533 k £/s of fuel supplied to engine the mass of air-fuel mixture 
= 17 x 0.00533 = 0.0906 kg/s 

Volume of air-fuel mixture supplied to the engine per sec. 
mRT = 0.0906 x 287 x (25 + 27 3) 

P ~ lxlO 5 


= 0.07748 m 3 /s 


^ _ Mass of mixture supplied / sec. 

Swept volume 


0.78 = : 

’( 


0.07748 
Swept volume 


Swept volume 
But swept volume/sec. 


0.07748 


0.78 


= 0.0993 m 3 /s 


■ 


x no. of cylinders x 


r.p.m. 

2x60 
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D*. 


n 0 2400 

-xi)2 x 1.25D x 4 x = 0.0993 

0.Q993 x 4 x 2 x 60 

= 0.001264 


7txl.25x4x2400 
D ~ 0.108 m or 108 mm. (Ans.) 
and L = 108 x 1.25 = 135 mm. (Ans.) 

Example 17.30. A single-cylinder four-stroke gas engine has a bore of 180 mm and stroke of 
340 mm and is governed on hit-and-miss principle. When running at 400 r.p.m. at full load, indica¬ 
tors cards are taken which give a working loop mean effective pressure of 6.4 bar, and a pumping loop 
mean effective pressure of 0.36 bar. Diagrams from the dead cycle give a mean effective pressure of 
0.64 bar. The engine was run light at the same speed (i.e. with no load), and a mechanical counter 
recorded 46 firing strokes per minute. 

Calculate : (i) Full load brake power 
(ii) Mechanical efficiency of the engine. 

Solution. Number of cylinders, 

Bore, 

Stroke, 

Engine speed, 

Working loop mean effective pressure 
Pumping loop mean effective pressure 
Mean effective pressure (dead cycle) 

Firing strokes/min. 

Refer Fig. 17.15. 


n = 1 

D ~ 180 mm = 0.18 m 
L t = 340 mm = 0.34 m 
N = 400 r.p.m. 

= 6.4 bar 
= 0.36 bar 
= 0.64 bar 
= 46 
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UJ r ull load brake power. B.P.: 

Net indicated mean effective pressure, 

Pmi (net) = Working (or power) loop mean effective pressure 

~ P um ping loop mean effective pressure 
A1 , ■ 6 4 - 0.36 = 6.04 bar 

Also, working cycles/min = 46 


and Dead cycles/min 


■(?-)- 


154 


Therefore, since there is no brake power output 

Frictional power, F.P. = (Net I.P.) - (pumping power of dead cycles) 


Now, 


Net I.P. = np mS ne V xLANkxlO 


- - x604 *X it /4 x 0.18 2 x 46 x 10 


...(/) 


fv Nk = 46] 


= 4 kW 

Pumping power of dead cycles 

n Pmi(d) LANk XlO 
6 ~ 

- x 0-34 x a / 4 x 0-1 ft 2 x 154 x 10 

6 

= 1.42 

Substituting the above values in eqn. (i), we get 
F.P. = 4 - 1.42 = 2.58 kW 

At full load the engine fires regularly every two revolutions, and there are ~ 200 firing 


tv N£ = 154] 


400 


strokes per minute. 


j p = n Pmi (net) LANkx 10 

6 ' 


_ 1 ^6.04 x 0.34 x 7i / 4 x 0.18 2 x 200 x 10 
6 ~ “ 

= 17.42 kW 

Hence brake power, B.P.= (I.P. — jrp) 

. . . = 17 42 -2.58 = 14.84 kW. (Ans.) 

\ii) Mechanical efficiency, t) ^ : 

14.84 


Nk = 400 x - 
= 200 


B.P, 

'mech. ~ j p 


1742 = ° r ®5.2%. (Ans.) 


"" “ "UHW.M P ow„ u o,. Mai* “ ll ” * p “ d ,l * 
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Fig. 17.16 


Example 17.31. During the trial of a gas engine following observations were recorded : 


Bore 
Stroke 
Speed 

Number of explosionsfmin. 
Gas used 
Pressure of gas 
Barometer 

Mean effective pressure 
Calorific value of gas used 
Net load on brake 
Brake drum diameter 
Ambient, temperature 


= 320 mm 
= 420 mm 
- 200 r.p.m. 

= 90 

= 11.68 m 3 /h 

= 170 mm of water above atmospheric pressure 
= 755 mm (mercury) 

= 6.2 bar 

= 21600 kJIkg at N.T.P. 

= 2040N 
= 1.2 m 
= 25°C 

Calculate: (i) Mechanical efficiency, and ( ii ) Brake thermal efficiency. 
Solution. n = 1, D = 0.32 m, L = 0.42 m, N = 200 r.p.m., 


11.68 

Nk = 90, V g = = 0.00324 m 3 /s, 

170 

Pressure of gas = 755 + -— = 767.5 mm Hg 

13.6 

p^ = 6.2 bar, C = 21600 kj/kg at N.T.P. 

(W-S)= 1840 N,D 6 = lm. 

(i) Mechanical efficiency: 

As the number l-2 explosions per minute is given as 90 per minute and r.p.m. of engine is 200 
it shows that the engine is operating on four-stroke cycle. 

Indicated power (I.P.) is given by the relation : 


np .LANk x 10 
I.P. = mi „ - 
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1 x 6.2 x 0.42 x n f 4 x 0.32 2 x 90 x 10 


= 31.4 kW 


[ v Nk = 9 


BP = W -S)nD h N _ 2040 xnx 1.2x200 

60 v 1 non “ ftnvi Ann = 25.6 kW 


60x1000 


60 x1000 


Mechanical efficiency, Tl mech = y^ 1 = ~~ 

.... =0.815 or 81.5%. (Ans.) 

(f j) Brake thermal efficiency: 

Volume of gas at N.T.P.: 

P\ ~ 767.5 mm Hg, V l = 11.68 m 3 / h, T. x = 25 + 273 = 298 K 
P 2 = 760 mm Hg, T 2 = 0 + 273 = 273 K 
Now, to find V 2 , using the relation : 

Pl V l P2 V 2 
T 1 " T 2 

„ _ Pi V ! T 2 767.5 x 11.68.x 273 

*9 _ —■ :----—> 


Brake thermal efficiency, 




Vi 

= 10.8 m 3 /h 
B.P. 


760 x 298 


V xC 

R 


lV g - Volume of gas in m 3 /s 


25.6 


” 10.8 

3600 


X21600 


= 0.395 or 39.5%. (Ans.) 


circuZl/ZfZZ ** ° f our " stroke Patrol engine is measured by means oj 

across ZZ/i ° M “ r ** "*■ The ***** of discharge for the orifice is 0.62 aJthe press! 
ZZIZZtIZZZ ° f r ter - rgadS 760 mm temperature ofaTint 

cZumotionZlZha! “ pZ “ C " t '° Z “ me “ 000178 The compression ratio is 6.5. Theft 
is 28 TwDetermineZ ofvalue 43900kj/kg. The brake power developed at2500r.p\ 

(i) The volumetric efficiency on the basis of air alone. 1 

(m) The air-fuel ratio. I 

(iii) The brake mean effective pressure. I 

(w) The relative efficiency on the brake thermal efficiency basis. J 

Solution. Diam e t er of circular orifice, d = 3.2 cm = 0.032 m 1 


Coefficient of discharge. 
Pressure across orifice, 
Temperature of air in the room 
Piston displacement 
Compression ratio, 

Fuel consumption 


C d = 0.62 

h w = 150 mm of water 
= 20°C 
= 0.00178 m 3 
r - 6.5 

= 0.135 kg/min 
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or 



Calorific value of fuel, 
Brake power, 

Speed 


C = 43900 k J/kg 
B.P. = 28 kW 
= 2500 r.p.m. 

k- i .... for 4-stroke cycle, engine. 


= 1.2 kg/m 3 


(i) Volumetric efficiency on the basis of air alone 

Characteristic gas equation is written as 
pV= mRT 

m _ 1.0132 x10 s 

V ~ RT 287 x (20+ 273) 

150 

Also 150 mm of H 2 0 = —- x 1000 = 150 kg/m 2 
1000 

Thus head of air column causing flow, 

H= = 125 m 

Thus air flow through the orifice 

= Air consumption = C d x A x yjigH 

= 0.62 x | x (0.032) 2 x 72x9.81x125 = 0.0247 m 3 /s 

Therefore, air consumption per stroke 

_ 0.0247x60 , 

—— = 0.001185 m J 

(f 0 ) 

.-. Volumetric efficiency. n . = Air consumption of sttbke 
va Piston displacement 


0.001185 


= 0.665 or 66.5%. (Ans.) 


0.00178 

(U) Air-fuel ratio: 

Mass of air drawn into the cylinder per min. 

= 0.0247 x 60 x 1.2 = 1.778 kg/min 
1.778 


Air-fuel ratio 


0.135 


= 13.67 :1. (Ans.) 


(iii) Brake mean effective pressure, p mb : 

_ _ nx p LANk x 10 

B.P. = - Lmh - 

6 

1X p , x 0.00178 x 2500 x i x 10 

28=- — ___ 2 

6 

_ 28 x 6 x 2 

Pmb = 0.00178 x 2500 x 10 = 755 bar * (Ans * ) 


[v LA - 0.00178 m 3 ) 
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(iv) Relative efficiency: 

n- ' -i 1 

■air-atandard “ A , . Y -l 
(r) r 1 

Brake thermal efficiency, 

B.P. 



= 0.527 or 52.7% 


0X35 

60 


x43900 


- = 0.2835 or 28.35% 


^relative ” 


Length of diagram 
Spring constant 
Speed of the engine 
Load on the brake 
Spring balance reading 
Diameter of brake drum 
Fuel consumption 
Calorific value of fuel 
Diameter of the cylinder 
Stroke of the piston 


^thermal (B) 


= 0.5379 or 53.79%. (Ans.) 


_ 0.2835 

^air-standard 0.527 v :- -- 7 

ning o,fu^^ Aai ^ lincUr4 ' Stroke ««*•«*«« OefiUounng results while run- 

Area of indicator card - $qq mm 2 

= 40 mm 
-1 bar/mm 
= 400 r.p.m. 

= 370 N 
= 50 N 
= 1.2 m 
= 2.8 kglh 
* 41800 kJlkg 
- 160 mm 
= 200 mm 

Calculate : (i) Indicated mean effective ores sure (ii\ n r „h , , . 

> o — DUiV, 11 ^ = 1.2 m, 


m r 2.8 kg / h, C = 41800 kJ / kg, D = 0.16 m, l\ 0.2 m 
1 

k = 2 . for 4 ' str °ke cycle engine. 

(i) Indicated mean effective pressure, : 

p mi = ~ ea o f indicator diagram or card x spring cos tant 
Length of diagram 

300x1 


40 


= 7.5 bar. (Ans.) 


Indicated power, I.P. = ^m.-k^xlO lx 7,5 x 0,2 x it/4x0.16 2 x 400 x ix 10 


= 10.05 kW. 

(ii) B.P. ,p mb . 

Brake power, B P = _ (370 - 50 )ti x 1.2 x 400 

60 x 1000 = 60 x 1000- = 8-04 kW ‘ (Ans.) 

Also, BP- "IWxMAftxlO 

6 
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8.04 = ■ 


P mb 


1 x p mh x 0.2 x n 1 4 x 0.16 2 x 400 x — x 10 


6 

8.04 x 6 x 4 x 2 


= 6 bar. (Ans.) 


0.2 xnx0.16 2 x 400x10 

(Hi) b.s,f.c., ri th(B) , ri th (I) : 

Brake specific fuel consumption, 

b.s.fc = Fuel consumption per B.P. hour 
2 8 

= 0.348 kg / BJ\ hour. (Ans.) 


8.04 


Brake thermal efficiency, 

^thXB) “ 


8.04 


B.P. _ 

m f xC 41800 

3600 


= 0.2473 or 24.73%. (Ans.) 


Indicated thermal efficiency, 

B.P. 

rh f xC 


10.05 


2.8 

3600 ' 


* 0.3091 or 30.91%. (Ans.) 


x 41800 


Example 17.34. A 4-cylinder, four-stroke cycle engine, 82.5 mm bore x 130 mm stroke devel¬ 
ops 28 kW while running at 1500 r.p. m. and using a 20 per cent rich mixture. If the volume of the air 
in the cylinder when measured at 15.5°C and 762 mm of mercury is 70 per cent of the swept volume, 
the theoretical air-fuel ratio is 14.8, heating value of petrol used is 45980 kj/kg and the mechanical 
efficiency of the engine is 90%, find : 

(i) The indicated thermal efficiency. 

(w) The brake mean effective pressure. 

Take R = 287 N-mfkg K. 

n = 4 

D = 0.0825 m 
L = 0.13 m 
B.P. = 28 kW 
N = 1500 r.p.m. 

= 14.8 

C s 45980 kJ/kg 

(*) Indicated thermal efficiency, ^ : 

Swept volume, V s = x/4 D 2 L = ji/4 x 0.0825 2 x 0.13 = 0.000695 m 3 


Solution. Number of cylinders, 
Engine bore, 

Stroke length, 

Brake power, 

Engine speed, 

Theoretical air-fuel ratio 
Calorific value of fuel, 
Mechanical efficiency, 


70 

Volume of air drawn in = — x 0.000695 = 0.0004865 m 3 


Given : 


P-If X 1.0132 = 


1.015 bar 


V ~ 0.0004865 m 3 (calculated above) 
R = 287 N-m/kgK 
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r = 15.5 + 273 = 288.5 K 
m = Mass of air/stroke/cylinder 

PV 1-015 x 10 s x 0.0004865 
RT 287x288.5 

Theoretical mass of air used per minute 


INTERNAL COMBUSTION ENG] 


= 0.000596 kg 
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Theoretical air-fuel ratio = 14.8 
•’* Theoretical mass of fuel used / min 
1.788 


= 0.000596 x 1555 x 4 = 1788 k 
2 6 


14.8 


- 0.1208 kg/min 


When using 20% rich mixture, then 


m f = Mass of fuel burnt / sec 
0.1208 120 

= = 0002416 


Now, 


'raech. 


0.9 = 


B.P. 

IP. 

28 

IP. 

28 


28 

IP. 


IP = ^ =3111kW - 


Indicated thermal efficiency, 

IP. 


3111 


Th f xC~ 0.002416 x 45980 = 0,28 or 28% * (Ans.) 


(ii) Brake mean effective pressure, p mb : 

B p = nx Pmh L ANkx 10 


6 

4 x p nb x 0.13x ti/ 4 x 0.0825 2 x 1500 x ~ x 10 
28= -- 2_ 


Brake wheel diameter 
Brake rope diameter 
Gas used 

Calorific value of gas 


- 1.6 m 
= 2 cm 
= 8.5 m s 
= 15900 kJ/m 3 


Calculate: (i) Indicated power, (ii) Brake power, and 

(iii) Indicated and brake thermal efficiencies. 

4200 


Solution. D = 0.2 m, L = 0.4 m, N t - 9400 r.p.m., Nk - 


40 


105 


(W-S) = 540 N, D b = 1.6 m, d = 0.02 m, V B = 


8.5 


* 40 x 60 


: 0.00354 m 3 /s. 


(i) Indicated power, I.P.: 

Indicated mean effective pressure. 


_ Area of indicator diagram x spring number 550x0.8 
Pml Length of the diagram 72 

= 6.11 bar 


„ „ np LANk x 10 
Ip - ..m i _ 

6 

= 13.4 kW. 

(ii) Brake power, B.P.: 


(W-S)it(D, +d)N 

gp _ _ o _ 

' 60x1000 

= 10.76 kW. (Ans.) 
(iii) Indicated thermal efficiency: 

IP. 13.4 

v xC : 


1 x 6.11 x 0.4 x 7i/ 4 x 0.2 2 x 105 x 10 


540 x 7t (1.6 + 0.02) x j 
60x1000 


0.00354 x 15900 


= 0.238 or 23.8%. (Ans.) 


Brake thermal efficiency, 

B.P. 10.76 __ .. 

V.(B)- y xC “ 0.00354x15900 “ 0,191 or 19,1% * (Ans.) 

Example 17.36. The following observations were recorded during the test on a 6 -cylinder, 4 - 
stroke Diesel engine: 


= 8.06 bar. (Ans.) 


28x6x4x2 

•. p , = ________ 

4 x 0.13 x x x 0.0825 2 x 1500 x 10 

> • ^ E r mPl V^ 5 ’ Durmg the te3t °f 40 minutes on a single-cylinder gas engine of 200 ram 

ZethtjnfT ^ 40 ° m, ?,? troke ’ wor f' n * m the four-stroke cycle and governed by hit and mid 
method of governing, the following readings were taken : * 

Total number of revolutions = 9400 

Total number of explosions = 4200 

Area of indicator diagram = 550 mm 2 

Length of indicator diagram = 72 mm 

Spring number = 0.8 bar/mm 

Brake load x 540 


Bore 

Stroke 

Engine speed 

Load on dynamometer 

Dynamometer constant 

Air orifice diameter 

Coefficient of discharge 

Head causing flow through orifice 

Barometer reading 

Ambient temperature 

Fuel consumption 


= 125 mm 
= 125 mm 
- 2400 r.p. m. 

= 490 N 
=16100 
= 55 mm 
= 0.66 

= 310 mm of water 
= 760 mm Hg 
= 25°C 
= 22.1 kg/h 
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Calorific value of fuel 
Per cent carbon in the fuel 
Per cent hydrogen in the fuel 
Pressure of air at the end of suction stroke 
Temperature at the end of suction stroke 
Calculate : (i) Brake mean effective pressure, 

(iii) Brake thermal efficiency , 

(u) Percentage of excess air supplied. 

Solution. n = 6, D = 0.125 m, L = 0.125 m, N = 2400 r.p.m. 

W = 490 AT, C D = dynamometer constant = 16100 
d 0 = orifice diameter = 0.055 m, C d = 0.66, h w = 310 mm 
22J. 

mf = 3600 = 0 00614 c = 45100 kJ/kg, 


= 45100 kJlkg 
= 85% 

= 15% 

= 1.013 bar 
= 25°C 

(**) Specific fuel consump tio n , 
(iv) Volumetric efficiency, and 


1 


^ — « .f° r 4-stroke cycle engine. 


(*) Brake mean effective pressure, : 

W xN _ 490x2400 


Brake power, B.P. 


16100 


= 73 kW 


Also 


B p s np mh LANk xlO 


6 


6 x Pmb * 0.125x n/4 x 0. ,25 2 x 2400 x - x 10 
73 - -----—--:_ 2 _. 


6 


P mb 


73 x 6 x 4 x 2 


6 x 0.125 x n x 0.125 2 x 2400 x 10 
(“) Specific fuel consumption, : 


= 3.96 bar. (Ans.) 


221 


b S f c * = B 0 3027 kWh * (Ans.) 


(iii) Brake thermal efficiency, 0 ^^ : 

n ^ -g- p v 73 

th,(B) m f xC 0.00614 x 45100 ~ 0*2636 or 26.36%. (Ans.) 

(iv) Volumetric efficiency, ri voL : 

Stroke volume of cylinder = 71/4 D 2 x L 

= n/4x 0.125 s x 0.125 = 0.00153 m 3 

The volume of air passing through the orifice of the air box per minute is given by, 

lh~ 


v a = 840 A 0 c d 


where, C d ■= Discharge coefficient of orifice = 0.66 
A 0 = Area of cross-section of orifice 
= ti/4 d Q 2 = tc/ 4 x (0.055) 2 = 0.00237 m 2 


h w = Head causing flow through orifice in cm of water = l 10 - qi 

>10 


cm 
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p a = density of air at 1.013 bar and 25°C. 
P 1.013xl0 5 


RT 287 x (25 + 273) 


= 1.18 kg/m 3 


Volume of air, V a = 840 x 0.00237 x 0.66 
Actual volume of air per cylinder 
6.73 6.73 


= 6.73 m 3 /min 


= 1.12 m 3 /min 


n 6 
Air supplied per stroke per cylinder 

= — - 12 = 0.000933 m 3 

(2400/2) 

_ Volume of air actually supplied 
T ^ vo1 ' Volume of air theoretically required 
0.000933 

= a00i6T = °- 609or6 °- 9% - (AnS ' ) 

(v) Percentage of excess air supplied : 

Quantity of air required per kg of fuel for complete combustion 


100 

23 


Cx-+fl,x 


where C is the fraction of carbon and/f 2 is the fraction of hydrogen present in the fuel respectively. 


100 

23 


0.85 x-+ 0.15x8 
3 


= 15.07 kg / kg of fuel 


Actual quantity of air supplied per kg of fuel 

_ V 0 x p q x 60 6.73 x 1.18x60 


Percentage excess air 


22.1 

21.56-15.07 


21.56 kg 


15.07 

HEAT BALANCE SHEET 


22.1 

x 100 = 43.06%. (Ans.) 


Example 17.37. The following observations were recorded in a test of one hour duration on a 
single-cylinder oil engine working orufour-stroke cycle : 


Bore 

= 300 mm 

Stroke 

= 450 mm 

Fuel used 

= 8.8 kg 

Calorific value of fuel 

= 41800 kJ/kg 

Average speed 

- 200 r.p.m. 

m.e.p . 

= 5.8 bar 

Brake friction load 

= 1860N 

Quantity of cooling water 

= 650 kg 

Temperature rise 

= 22°C 

Diameter of the brake wheel 

= 1.22 m 
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Calculate : (i) Mechanical efficiency, and (ii) Brake thermal efficiency. 
Draw the heat balance sheet. 

Solution, n = 1, D = 0.3 m, L = 0.45 m, m f = 8.8 kg / h, C = 41800 kj/kg, 
N = 200 r.p.m., p mi = 5.8 bar, (W - S) = 795 N, D b » 1.22 m, 



for 4-stroke cycle engine 


= 650 kg, C> 2 - ^ = 22°C. 
(i) Mechanical efficient, ; 


Indicated power, 


TT , np LANk x 10 1 x 5.8 x 0.45 x ti / 4 x 0.3 2 x 200 x — x 10 

I.P. = —2“--- = — _ 2 


6 

= 30.7 kW 


Brake power, B.P. = W-S)icDN = 1860x71 x1.22x 200 


60x1000 


60 x 1000 


= 23.76 kW 


B.P. 23.76 

mech. = Jp- = = 0.773 or 77.3%. (Ans.) 


(ii) Brake thermal efficiency, : 

B.P. 23.76 




thf xC 


8.8 


x 41800 


= 0.232 or 23.2%. (Ans.) 


3600 

Heat supplied = 8.8 x 41800 = 367840 kJ/h. 

(0 Heat equivalent of I.P. 

= I.P. x 3600 kJ/h 
= 30.7 x 3600 = 110520 kJ/h. 
(ii) Heat carried away by cooling water 


= 650 x 4.18 x 22 = 59774 kJ/h. 


Heat balance sheet (hourly basis) 


Item 

kJ 

Per cent 

Heat supplied by fuel 

367840 

100 

(i) Heat absorbed in I.P. 

110520 

30.05 

(ii) Heat taken away by cooling water 

59774 

16.25 

(iii) Heat carried away by exhaust gases, 
radiation etc. (by difference) 

197546 

53.70 

Total 

367840 

100 


Example 17.38. In a trial of a single<ylinder oil engine working on dual cycle, the following 

bservations were made: 

Compression ratio ~ 15 

Oil consumption - jq 2 kg/h 
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Calorific value of fuel 

= 43890 kJlkg 

Air consumption 

= 3.8 kgfmin 

Speed 

- 1900 r.p.m. 

Torque on the brake drum 

= 186N-m 

Quantity of cooling water used 

= 15.5 kgfmin 

Temperature rise 

= 36°C 

Exhaust gas temperature 

= 410°C 

Room temperature 

= 20°C 

C p for exhaust gases 

Calculate: ( i ) Brake power , 

= 1.17 kJfkgK 


(ii) Brake specific fuel consumption, and 

(iii) Brake thermal efficiency. 


Draw heat balance sheet on minute basis. 

Solution, n = 1, r = 15, m f - 10.2 kg/h, C = 43890 kJ/kg, m a = 3.8 kg/m in., 

N m 1900 r.p.m., T = 186 N-m, m w = 15.5 kgfmin,t Uf - ^ = 36°C, 

t g = 410°C, t r = 20°C, c p = 1.17. 

(i) Brake power, B JP.: 


2 nNT 

BP = 60x1000 


271x1900x186 

60x1000 


= 37 kW. 


(ii) Brake specific fuel consumption, b.&f.c.: 


(Ans.) 


10 2 

b.s.f.c. = -^-\= 0.2766 kg/kWh. (Ana.) 


(iii) Brake thermal efficiency, 
B.P. 


37 


43890 

3600 

Heat supplied by the fuel per minute 
10 2 


= 0*2975 or 29.75%. (Ans.) 


60 


x 43890 = 7461 kJ/min 


(0 Heat equivalent of B.P. 

* B.P. x 60 = 37 x 60 = 2220 kJ/min. 

~~t«) Heat carried away by cooling water 

= m w x c pw - t Wi ) ds 15.5 x 4.18 x 36 = 2332 kJ/min. 

(iii) Heat carried away by exhaust gases 

= m a x c x (t a -1 ) 

8 P8 8 r' 


= + 3.8j x 1.17 x (410 - 20) = 1811 kJ/min. 
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Heat balance sheet (minute basis) : 
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Item 

kJ 

Per cent 

Heat supplied by fuel 

7461 

100 

( i ) Heat absorbed in B.P. 

(ii) Heat taken away by cooling water 
(Hi) Heat carried away by exhaust gases 
(iv) Heat unaccounted for (by difference) 

2220 

2332 

1811 

1098 

29.8 

31.2 

24.3 

14.7 

Total 

7461 

100 


a hent h TrT V Z < wn ™ 8™* ^ulate indicated.power,, braki 

heat balance sheet for a two-stroke diesel engine run for 20 minutes at full load: 


r.p.m. 
m.e.p, 

Net brake load 
Fuel consumption 
Cooling water 
Water inlet temperature 
Water outlet temperature 
Air usedlkg of fuel 
Room temperature 
Exhaust temperature 
Cylinder bore 
Cylinder stroke 

Brake diameter * 

Calorific value of fuel 
Steam formed per kg of fuel in the exhaust 
Specific heat of steam in exhaust 
Specific heat of dry exhaust gases 
Solution. N = 350 r.p.m., p m . = 3.1 bar, (W 


= 350 
= 3.1 bar 
= 640 N 
= 1.52 kg 
= 162 kg 

= 30°C 
= 55° C 
= 32kg 
= 25°C 
= 305°C 
~ 200 mm 
= 280 mm 
= 1 metre 
- 43900 kJ/kg 
* 1.4 kg 
= 2.09 kJ/kg K 
= 1.0 kJ/kg K. 


t 

D 6 = lm,C = 43900 kJ/kg, c ps = 2JO 9 ' 

(t) Indicated power, I.P.: 

np mi LANk x 10 

6 

_lx 3.lx0.28x rc/4x 0.2 2 x 350x lx 10 
~6~ 


S) - 640 N, m f = 1.52 kg, m w = 162 kg, 


= 30°C t = 55°C, m a = 32 kg/kg of fuel, < = 25°C, i = 305 °C, D = 0 2m L - 0 2% 

= 1 m. C = d.qqnn l-t/i™ „ _ o no t ’ < ’ ^ 

= 1.0 kJ/kg K, k = 1 .for two-stroke cycle engine. 


m, 


I.P. 


= 15.9 kW. (Ans.) 
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(ii) Brake power, B.P.: 

BP = (W ~ ,S > 7tZ V / _ 64Qx7txlx350 
60x1000 ~ 60x1000 

Heat supplied in 20 minutes 

= 1.52 x 43900 = 66728 kJ 

(i) Heat equivalent of I.P. in 20 minutes 

= I.P. x 60 x 20 = 15.9 x 60 x 20 = 19680 kJ 

(ii) Heat carried away by cooling water 


593 


11.73 kW. (Ans.) 


= m u, xc P ^(L 


Total mass of air 

Total mass of exhaust gases 


) 

-i 

= 162 x 4.18 x (55 - 30) 

= 32 x 1.52 = 48.64 kg 
= Mass of fuel + mass of air 
= 1.52+ 48.64 = 50.16 kg 
1.4x1.52 = 2.13 kg 


16929 kJ 


Mass of steam formed 

Ma ss of dry exhaust gases = 50.16 - 2.13 = 48.03 kg 
(Hi) Heat carried away by dry exhaust gases 


= m g x c pg x <t g - t r ) 


= 48.03 x 1.0 x (305 - 25) = 13448 kJ 
U'y) Heat carried away by steam = 2.13{/y + h fg + c ps ( i - t s )\ 

T At 1.013 bar pressure (atmospheric pressure assumed): "| 

L h f = 417.5 kJfkg, h^ = 2257.9 kJ/kg | 

= 2.13 [417.5 + 2257.9 + 2.09 (305 - 99.6)3 

= 6613 kJ/kg.neglecting sensible heat of water at room temperature 

Heat balance sheet (20 minute basis): 


Item 

kJ 

Per cent 

Heat supplied by fuel 

66728 

100 

(t) Heat equivalent of I.P. 

19080 

28.60 

(ii) Heat carried away by cooling water 

16929 

25.40 

(m) Heat carried away by dry exhaust gases 

13448 

20.10 

(w) Heat carried away steam in exhaust gases 

6613 

9.90 

( v ) Heat unaccounted for (by difference) 

10658 

16.00 

Total 

66728 

100.00 


Example 17.40. A six-cylinder , four-stroke Cl engine is tested against a water brake 
dynamometer for which B.P . = WN/17 x 10 3 in kW where W is the brake load in newton and Nis the 
speed of the engine in the r .p.m. The air consumption was measured by means of a sharp edged orifice. 
During the test following observations were taken : 

B° re =10 cm 

Stroke ~ cm 

S P eed =2500 r.p.m. 
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Brake load - 480 N 

Barometer reading = 76 cm ofHg 

Orifice diameter = 3.3 cm 

Coefficient of discharge of orifice = 0.62 

Pressure drop across orifice = 14 cm ofHg 

Room temperature - 25°C 

Fuel consumption -0.32 kg / min. 

Calculate the following: 

(i) The volumetric efficiency ; (ii) The brake mean effective pressure (bmep) ; (iii) The engine 
torque; (iv) The brake specific fuel consumption (bsfc). (AMIE Summer, 2000) 

Solution, (i) Volumetric efficiency, r\ vol : 

V s = Swept volume, 

= —D 2 L x - N 


60x2 


x No. of cylinders, for 4-stroke engine. (whereiV a r.p.m.) 


Barometer 


= - (O.l) 2 X 0.14 X - 2 -f9- - X 6 = 0.137 m 3 /s. 

4 60x2 

= 76cmHg = I — x 13.6 xl0 3 x 9.81 x HT 3 = 101.4 kN/m 2 

L100 J 

= 1.1844 kg/m 3 


_ -P— 


101.3 


RT 0.287(273 + 25) 

A p = 14 cm of Hg = — X 13.6 x 1000 x 9.81 = 18.678 x 10 3 N/m 2 
100 


Ap = p c x 9.81 x h at 

where, h = Head, m of air, causing flow 
18.678x10" 


h 


- 1607.5 m of air 


1.1844x9.81 
V - Volume flow rate of air, at free air conditions 


•c d j(d 0 fjwT 




= 0.62x|[- 


-p- x 100 = 


sun 2 

100 ) 

0.094 

0137 


^2 x 9.81 x 1607.5 = 0.094 m 3 /s. 


x 100 = 63.6%. (Ans.) 


(ii) The brake mean effective pressure, p mb : 




BP = W. x io-3 kW _ 480 x2500 x 10- 3 = 70.588 kW 
17 17 

N 1 

- p mb LA x — x — x 6, for six-cylinder, four-stroke engine 


P mb 


70.588x60x2 

0.14 x-(0.1) 2 x 2500x6 
4 


= 813.57 kN/m 2 . (Ans.) 
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(iii) Engine torque, T: 

B.P. = 2%NT 
B.P. 
2kN = 


Torque, (T) = 


70588 x 10' 


2 n x 


2500 

60 


= 269.63 N-m. (Ans.) 


(iu) Brake specific fuel consumption, bsfc : 


bsfc ss 


m f (kg/h) 0.32 x 60 


= 0.272 kg / kW-h. (Ans.) 


B.P. 70.588 

Example 17.41. During the trial of a single-acting oil engine, cylinder diameter 200 mm, 
stroke 280 mm, working on xwo-stroke cycle and firing every cycle, the following observations were 
made: 

Duration of trial = 1 hour 

Total fuel used - 4.22 kg 

Calorific value =* 44670 kJJkg 

Proportion of hydrogen in fuel « 15 % 

Total number of revolutions % - 21000 

Mean effective pressure -2.74 bar 

Net brake load applied to a drum of 1 m diameter = 600 N 
Total mass of cooling water circulated = 495 kg 

Intel temperature of cooling-water = 13°C 

Outlet temperature of cooling water - 38*C 

Air used - 135 kg 

Temperature of air in test room = 20*C 

Temperature of exhaust gases — 370°C 

Assume: c (gases) ~ 1.005 kJlkgK; c (steam) at atmospheric pressure = 2.093 kJ/ kgK . 


Calculate the thermal efficiency and draw up the heat balance. 

Solution. Given : D - 200 mm = 0.2 m ; L = 280 mm - 0.28 m ; m^ ■ 

C = 44670 kJ/kg; 

21000 

r.p.m. = 


(U.P.S.C., 1997) 
: 4.22 kg/h; 


60 


- 350 ; p mi - 2.74 bar ;D t = lm; 


(W-S) = 600N ; m w = 495 kg/h ; t Wl 


: 13*C, = 38°C ; 


m a = 135 kg/h, t r = 20° C, t g = 370°C ; c M = 1.005 kJ/kg K; 


Cpa = 2.093 kJ/kgk 


Thermal efficiency, : 
Indicated power, I.P, - 


p LANk x 10 


2.74 x 0.28 x - x 0.2 2 x 350 x 1 x 10 
4 


= 14.06 kW 


(k = 1, engine being 2-stroke cycle] 
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Thermal efficiency (indicated), = -J 


internal combustion engines 


IP. 


14.06 


4.22 

3600 


X44670 


-0.268 or 26.8%. (Ans.) 


Brake power, 


m-suiw 
s ^oTISoo kw 


600 x n x 1 x 350 


Heat balance sheet (minute basis) 
Heat input — 4.22 


60x1000 = 10 " kw 


= ~W X 44670 = 3141 - 8 kJ/min. 
«) Heat equivalent of B.P. = 10.99 x 60 = 659.4 kj/min 
(**) Heat lost to cooling water = m x c 


X ) 


495 

60 


x 4.186 x (38 - 13) = 863.4 kj/min. 


Maas of exhaust gases (wet) = mass of air/min + mass of fuel/min 


Steam in exhaust gases 


135 , 422 
60 ~60" = 2 32 k 8 /min 

— 9 x H, x mass of fuel used/min 

_ o 15 4.22 

100 *“60“ = 0.095 kg/min 



Mass of dry exhaust gases / min, 

^ = fo! S _^!^ aUSt g8S (wet) _ mass ofH 2 Oproduced/min 
tt , . , 2.32 0.095 = 2.225 kg/min. 

(in) Heat earned away by dry exhaust gases 

~ m i xc r** ( f / ~ t r ) 

..... = 2 225 x 1005 x <370 - 20) = 782.6 kj/min 

and exhaust gas temperature, the^tthaTpy^f 1 ^^ ** atmospheric Pressure 

i M e 1 steam at atmospheric pressure 

1.013 bar ~ 1 bar and 370°C 

= A . up ~h 

(where, h = sensible heat of water at room temperature] 

= [h f +h f g + c P,«su P -t a )-h] 

= 417.5 + 2257.9 + 2.093 (370 - 99.6) - 1 x 4.18 x (20 - 0)] 

- 3157.7 kj/min 

Heat carried away by steam = 0.095 x 3157.7 - 300 kj/min 



i 

* 
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Heat balance sheet (minute basis): 


Item 

kJ 

Percent 

Heat supplied by fuel 

3141.8 

100 

( i) Heat equivalent of B.P. 

659.4 

20.99 

(ii) Heat carried away by cooling water 

863.4 

27.48 

(Hi) Heat carried away by' dry exhaust gases 

782.6 

> • 24.91 

(tv) Heat carried away by steam 

300 

9.55 

(u) Heat unaccounted for (by difference) 

536.4 

17.07 

Total 

3141.8 

100 


Example 17.42. Daring a test on a two stroke oil engine on full load the following observa¬ 


tions were recorded: 


Speed 

= 350 r.p.m. 

Net brake load 

= 590 N 

Mean effective pressure 

~ 2.8 bar 

Oil consumption 

= 4.3 kglh 

Jacket cooling water 

= 500 kglh 

Temperature of jacket water at inlet and outlet 

- 25°C and 50°C respectively 

Air used per kg of oil 

= 33 kg 

Temperature of air in test room 

= 25°C 

Temperature of exhaust gases 

= 400°C 

Cylinder diameter 

= 220 mm 

Stroke length 

= 280 mm 

Effective brake diameter 

= 1 metre 

Calorific value of oil 

= 43900 kJlkg 

Proportion of hydrogen in fuel oil 

= 15% 

Mean specific heat of dry exhaust gases 

= 1.0 kJfkg K 

Specific heat of steam 

= 2.09 kJfkg K 

Calculate : (i) Indicated power, and (ii) Brake power. 

Also draw up heat balance sheet on minute basis. 

Solution, n = 1, N = 350 r.p.m., (W-S) = 590 N, p mi 

= 2.8 bar 

m f - 4.3 kg/h, m w = 500 kg/h, V, = 25°C, t w 

= 50°C 

2 

m a = 33 kg/kg of oil, t r = 25°C, t g = 400°C, D 

= 0,22 m 

L = 0.28 m, D b = 1 m, C = 43900 kJ/k g, c 

= 1.0, c = 2.09 

k = 1. for two-stroke cycle engine. 

(i) Indicated power, I.P.: . 

IP _ np mi LANkx 10 

6 

1 x 2.8 x 0.28 x n / 4 x 0.22 2 x 350 x 1 x 10 _ .. 

6 

- = 17.38 kW. (Ans. 
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(») Brake power, B.P.: 

(W-SlitfiN 590 x n x 1 x 350 

60x1000 ~ 60x1000 = 10.81 kW. (Ans.) 

Heat supplied per minute = ^ x 43900 = 3146 kJ/min. 

(i) Heat equivalent of I.P. = 17.38 x 60 = 1042.8 kJ/min. 

(m) Heat lost to cooling water 

= m x c x (t - t ) 

W pw u>2 

500 


: X 4.18 X (50 - 25) = 870.8 kJ/min 


Now, 


2H 2 + 0 2 = 21^0 

4 32 36 

1 8 9 

i.e. f 1 kg of H 2 produces 9 kg of ILjO 

Mass of HgO produced per kg of fuel burnt 

* 9 x ^ x mass of fuel used/min. 

„ 4.3 

* 9 * 0.15 x — = 0.0967 kg/min. 
Total mass of exhaust gases (wetVmin. 

= Mass of air/min. + mass of fuel/min. 
(33 +1) x 4.3 


60 


= 2.436 kg/min. 


Mass of dry exhaust gases/min. 

* Masfi of wet exhaust gases/min - mass of H 2 0 produced/rain. 

= 2.436 - 0.0967 = 2.339 kg/min. 

{Hi) Heat lost to dry exhaust gases 

= m,xc w x <(,-«,) 

= 2.339 x 1.0 x (400 - 25) = 887 kJ/min. 

(iv) Assuming that steam in exhaust gases exists as superheated steam at atmospheric pres™ 
sure and exhaust gas temperature, the enthalpy of 1 kg of steam at atmospheric pressure? 
1.013 ~ 1 bar and 400°C 

~ ^*up "" H (where h is the sensible heat of water at room temperati 
^ =[ fy- + hf g + c p3 <.‘ mi ,-t,)] -lx 4.18 x (25-0) 

= [417.5 + 2257.9 + 2.09 (400 - 99.6)] - 104.5 
= 3355 kJ/min. * 

Heat carried away by steam = 0.0967 x 3355 = 320.6 kJ/min. 
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Heat balance sheet (minute basis): 


Item 

kJ 

Per cent 

Heat supplied by fuel 

3146 

100 

(i) Heat equivalent of I.P. 

1042.8 

33.15 

(it) Heat carried away by cooling water 

870.8 

27.70 

(iii) Heat carried away by dry gases 

887 

28.15 

iiv) Heat carried away by steam 

320.6 

10.20 

(u) Heat unaccounted for (by difference) 

24.8 

0.80 

Total 

314.6 

100 


Example 17.43. During a test on a Diesel engine the following observations were made : 

The power developed by the engine is used for driving a D.C. generator. The output of the 
generator tvas 210 A at 200 V ; the efficiency of generator being 82%. The quantity of fuel supplied to 
the engine was 11.2 kgfh ; calorific value of fuel being 42600 kJ/kg. The air-fuel ratio was 18:1. 

The exhaust gases were passed through a exhaust gqs calorimeter for which the observations 
were as follows: Water circulated through exhaust gas calorimeter = 580 litres/h. Temperature rise of 
water through calorimeter ~ 36°C. Temperature of exhaust gases at exit from calorimeter = 98°C. 
Ambient temperature = 20°C. 

Heat lost to jacket cooling water is 32% of the total heat supplied. 

If the specific heat of exhaust gases be 1.05 kJ/kg K draw up the heat balance sheet on minute 

basis. 




Generator efficiency 
Fuel used 

Calorific value of fuel 
Air-fuel ratio 

Mass of water circulated through calorimeter, 


m = 


82% 

11.2 kg/h 
42600 kJ/kg 
18:1 

580 litres or 580 kg/h 


Temperature rise of water, 
Temperature of exhaust gases at 
exit from calorimeter 
Ambient temperature 
Heat lost to jacket cooling water 
Specific heat of exhaust gases 
Total power generated 


— V — 36°C 


= 98*C 
= 20°C 

= 32% of the total heat supplied 
* 1.05 kJ/kg K 

= VI = 200 x 210 = 42000 W = 42 kW 

Power available at the brakes of the engine, B.P. = ss 51.22 kW 

0.82 

Total heat supplied to the engine = Fuel supplied per min. x calorific value of fuel 

f 11.2 


(0 Heat equivalent of B.P. = 51,22 x 60 = 3073 kJ/min 
Mass of exhaust gases formed per minute 

(A 


60 


x 42600 = 7952 kJ/min, 


= Fuel supplied/min. ratio +1 j 


— ratio means air-Fuel ratio 
F 



i 
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11.2 # 

“ go + ^ = 3 -55 kg/m in. 

Hi) Heat carried away by exhaust gases/min. 

= Heat gained by water in exhaust gas calorimeter from exhaust gases 

+ heat in exhaust gases at exit from exhaust gas calorimeter 
above room temperature. 

= m u,* c pv> x ~ ^ ) + m g x Cpgitg - t r ) 

580 

= “60~ X ^ 18 x 36 + 3 55 * 1-05 (98 - 20) 

“ 1454-6 + 290.7 = 1745.3 kg/min. 

Hii) Heat lost to jacket cooling water 

= 0.32 x 7952 =: 2544.6 kJ/min. 

Heat balance sheet (minute basis): 


Item 

kJ 

Per cent 

Heat supplied 

7952 

100 

(i) Heat equivalent of B.P. 

Hi) Heat carried away by exhaust gases 
(Hi) Heat lost to jacket cooling water 

Hv) Heat unaccounted for (by difference) 

3073 

1745.3 

2544.6 

589.1 

38.7 

21.9 

32.0 

7.4 

Total . 

7952 

100 


______________ * _IOO 

vaUon^erTrecorl:* 4 ' ^ ° *** ^ 9Uudtr ‘ 4str ° ke diesel th * Rowing obser- 


Bore 

Stroke % 

r.p.m. 

Area of indicator diagram 
Length of diagram 
Spring constant 

Load on hydraulic dynamometer 
Dynamometer constant 
Fuel used 

Calorific value of fuel 
Cooling water circulated 
Rise in temperature of cooling water 
The mass analysis of fuel is : 

Carbon ■ = 84% 

Hydrogen = J5% 

Incombustible _ 1C r 


- 340 mm 

- 440 mm 
.= 400 

= 465 mm 2 
= 60 mm 
= 0.6 bar!mm 
= 950 N 
= 7460 
= 10.6 kg/h 
= 49500 kJ/kg 
= 25 kg/min 
= 25°C 
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The volume analysis of exhaust gases is : 

Carbon dioxide 
Oxygen 
Nitrogen 

Temperature of exhaust gases 
Specific heat of exhaust gases 
Ambient temperature 
Partial pressure of steam in exhaust gases 
Specific heat of superheated steam 
Draw up heat balance sheet on minute basis. 

Solution, n = 1, D = 0.34 m, L = 0.44 m, N = 400 r.p.m., W = 950 N, 
C d (dynamometer constant) = 7460, m f = 10.6 kg/h, 

C = 49500 kJ/kg, m u = 25 kg/min, {t w - t w ) = 25°C, 
t g = 400°C, c pif * 1.05 kJ/kg°C, = 2.1 kJ/kg°C. 


= 9% 

= 10 % 

= 81% 

= 400°C 
= 1.05 kJikg°C 
= 25°C 
= 0.030 bar 
= 2.1kJ/kg°C. 


Mean effective pressure, 


P mi 


Area of indicator diagram x Spring constant 

Length of indicator diagram 
465 x 0.6 


60 


= 4.65 bar 


Indicated power, I.P. = — j Pmi x x ^ 

6 


1 x 4.65 x 0.44 x n/4 x 0.34 2 x 400 x i x 10 


= 61.9 kW 


Brake power, B.P. = 


WxN _ 950 x 400 
C d = 7460 


= 50.9 kW 


Frictional power, F.P. = I.P. - B.P. = 61.9 - 50.9 = 11 kW 
Heat supplied per minute 

- Fuel used per min. x calorific value 
10.6 


60 


x 49500 =r 8745 kJ/min. 


(i) Heat equivalent of B.P. = B.P. x 60 = 50.9 x 60 - 3054 kJ/min. 
Hi) Heat lost in friction = F.P. x 60 = 11 x 60 a 660 kJ/min. 
HU) Heat carried away by cooling water 


:m w xc pw x ^ 2 ~ V,) 


= 25 x 4.18 x 25 = 2612.5 kJ/min. 
Mass of air supplied per kg of fuel 


NxC 


81x84 


~ 33(C0 + C0 2 ) = 33(0 + 9) 
Mass of exhaust gases formed per kg of fuel 
= 22.9 + 1 = 23.9 kg 


« =22.9 kg 
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10 fi 

= 23.9 x ^ = 4.22 kg 
60 

Mass of steam formed per kg of fuel 

= 9x0.15 = 1.35 kg 
Mass of steam formed per min. 

10 fi 

= 1.35 x ^ = 0.238 kg/min. 

60 

Mass of dry exhaust gases formed per min. 

* 4.22 - 0.238 = 3.982 kg. 

(fr) Heat carried away by dry exhaust gases/min. 

= ' n e *C pg x(‘ g -t r ) 

= 3.982 X 1.05 X (400 - 25) = 1568 kj/min. 

Steam is carried away by exhaust gases. The temperature of steam is also the same as that of 
exhaust gases e.g. 400°C. 

At partial pressure of steam 0.03 bar, the saturation temperature is 24.1°C. Therefore, steam 
is superheated. 

Enthalpy of steam = h g + c p» ^up “ *,) 

= 2545.5 + 2.1 (400 - 24.1) = 3334.89 kJ/kg. 

(y) Heat carried by steam in exhaust gases 

= 3334.89 x 0.238 = 793.7 kj/min. 

( vi ) Heat unaccounted for 

- Total heat supplied - heat equivalent of B.P. 

- heat lost in friction — heat carried away by cooling water 

- heat carried away by dry exhaust gases 

- heat carried away by steam in exhaust gases 
= 8745 - (3054 + 660 + 2612.5 + 1568 + 793.7) 

= 56.8 kJ/min. 

Heat balance sheet on minute basis: 
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MORSE TEST 

Example 17.45. In a test of a 4 -cylinder, 4 -stroke engine 75 mm bore and 100 mm stroke, the 
following results were obtained at full throttle at a particular constant speed and with fixed setting of 
fuel supply of 6.0 kglh. 

B.P . with all cylinder working = 156 kW 

B.P. with cylinder no. 1 cut-out — 11.1 kW 

B.P. with cylinder no. 2 cut-out — 11.03 kW 

B.P. with cylinder no. 3 cut-out = 10.88 kW 

B.P. with cylinder no. 4 cut-out — 10.66 kW 

If the calorific value of the fuel is 83600 kJ/kg and clearance volume is 0.0001 m 3 , calculate : 
(i) Mechanical efficiency, («) Indicated thermal efficiency, and 

(Hi) Air standard efficiency. 

Solution. B.P. = I.P. - F.P. 

Assuming that the engine is running at constant speed the frictional and pumping losses 
remain constant. Now if one cylinder is cut-out it will not produce any power but the frictional loss 
and power lost in operating the valves will remain the same as the speed of the engine is constant. 
The B.P. reduction at the crankshaft due to one cylinder qut out will be exactly equal to the I.P. 
produced by that cylinder. 


Therefore, 

I.P. produced in cylinder 1, 
‘I.P. produced in cylinder 2, 
I.P. produced in cylinder 3, 
I.P. produced in cylinder 4, 
Total I.P. produced 


IP Y - BP - BP l - 15.6 - 11.1 = 4.5 kW 


IP, 


= BP-BP 2 = 15.6- 


11.03 = 4.57 kW 


Item 

kJ 

Per cent 

Heat supplied 

8746 

100 

(i) Heat equivalent of B.P. 

3054 

34.92 

(ii) Heat lost in friction 

660 

7.55 

(Hi) Heat carriedvaway by cooling water 

2612.5 

29.87 

( iv ) Heat carried away by dry exhaust gases 

1568 

17.93 

(o) Heat carried away by steam in exhaust gases 

793.7 

9.07 

(vi) Heat unaccounted for 

56.8 

0.66 

Total 

8745 

.- mi - 

100 


JP 3 = BP - BP 3 = 15.6 - 10.88 = 4.72 kW 
/P 4 = BP- BP 4 = 15.6 - 10.66 « 4.94 kW 

=/p x +/p 2 +/p 8 +ip 4 

I.P. = 4.5 + 4.57 + 4.72 + 4.94 = 18.73 kW 
C i ) Mechanical efficiency, T"| mech : 

n . = 5^1 = s 0.833 or 83.3%. (Ans.) 

Unaech. J.P. 18.73 

(ii) Indicated thermal efficiency, : 

I.P. 18.73 

T lth.(I) 


m f xC 


3600 


x 83600 


= 0.1344 or 13.44%. (Ans.) 


(ui) Air-standard efficiency, Tiair-rtimdard : 

Stroke volume, 

Clearance volume, V c = 0.0001 m 3 

0.0004417 + 0.0001 


V = — D 2 L = — x 0.075 2 X 0.1 = 0.0004417 m 3 
• 4 4 


V.+V„ 


Compression ratio, r- 8 y 


0.0001 

. i L 

^air-standard ~ 1 (r)^ - ^ (54) 1 ’ 41 

Example 17.46. A 4 -cylinder petrol engine has a bore of 60 mm and a stroke of 90 mm. Its 
rated speed is 2800 r.p.m. and it is tested at this speed against brake which has a torque arm of 


= 5.4 


• = 0.49 or 49%. (Ans.) 
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INTERNAL combustion engines 
'b-T^^rauityof 

(i) The engine torque, *v;\ wl- L __» 

(w'i) The brake thermal efficiency, 
iv) Mechanical efficiency, and 
Solution. Number of cylinders 
f Bore, 

Stroke, 

Speed, 

Torque arm 
Net brake load 
Fuel consumption 

Specific gravity of petrol 
Calorific value 

(t) Engine torque, T : 

Engine torque, T = Net brake load x torque arm 

, =160x0.37 = 59.2 N-m. (Ans.) 

(«) Brake mean effective pressure, p : 

Brake Dower, BP - _^ kNT _ 2n x 2800 x 59.2 

60x 1000 = ioxTooo— = 1736 k w 

B.P. = np mh LANk xlO 
6 

17.36 = 4XP '"» X0 09 *7 * (0 06) 2 x 2800 x 1 x 10 
6 " 

p - 17.36x6x4x2 

(iii) R- t «. T 4 x 009 X * X (0.06) 2 X 2800 x 10 = 731 bar ' (Ans -> 
wi) Brake thermal efficiency, r) th . 

q, K , H1 = -JUL _ _17.36 

m f xC (8.986x1x0.74) = 0.213 or 21.3%. (Ans.) 

n 3600" x44100 

{iv) Specific fuel consumption, s.f.c.: 

m^ g gg 

S f C ' = RR = = 0383 k gfl<Wh. (Ans.) 

( v ) Mechanical efficiency, q • 

follows : P constant > substituting the brake loads instead of the values of B.P. as 

IP i = BP ~BP 1 = 160 - 110 = 50 N 
IP 2 = BP- BP 2 = 160 - 107 = 53 N 


(m) The brake mean effective pressure, 
(iv) The specific fuel consumption, 

(vi) Indicated mean effective pressure. 
n = 4 

D = 60 mm = 0.06 m 
B - 90 mm = 0.09 m 
•V = 2800 r.p.m. 

= 0.37 m 
= 160 N 
= 8.986 litres/h 
= 8.986 x 1 x 0.74 kg/h 
= 0.74 

= 44100 kJ/kg 


Visit: www.Civildatas.com 


TESTING AND PERFORMANCE OF I.C. ENGINES 


§05 


ZP 3 = BP - BP 3 = 160 - 104 = 56 N 
IP A - BP - BP a = 160 - 110 = 50 N 
Hence for the engine, the indicated load is given by 

IP = IP x + IP 2 + lp 3 + I p i - 50 + 53 + 56 + 50 = 209 N 
BP 160 

Bmech. _ jp - 209 = °* 765 °r 76.5%. (Ans.) 

(vi) Indicated mean effective pressure, p m . : 


^meeh. 


— P ™b 


Pmi = -^ mb - = = 9.55 bar. (Ans.) 

’In.ech, 0.765 




HIGHLIGHTS 


Performance of I.C. engines. Some important relations : 

(0 Indicated power (I.P.) = - Pmi LANk x 10 kW 
6 


,.., p (W-S)n(D. +d)N 

(k) Brake (B.P.) = -°. w 

60x1000 


f.^L. kw ) 

60 x 1000 J 


B.P. 


(Hi) Mechanical efficiency, r) m<icfa = 


(iv) Thermal efficiency (indicated), i] = 
and thermal efficiency (brake), = 


I.P. 

m^xC 

B.P. 

rhfXC 


where *hf = mass of fuel used in kg/sec. 


(t, > , w.= 


^thermal 

air-standard 


(y?) Measurement of air consumption by air box method : 


Volume of air passing through the orifice, V = 840 AC d 



and mass of air passing through the orifice, 


where, 


m a = 0.066 C d x d? yjh w p a kg/min 
A » Area of orifice, m 2 
d = Diameter of orifice, cm 
^ l u> ~ Head of water of in ‘cm* causing the flow 

~ Density of air in kg/m 3 under atmospheric conditions. 
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OBJECTIVE TYPE QUESTIONS 


5. 


10 . 


11 . 


Choose the Correct Answer ; 

1. The specific fuel consumption of a diesel engine as compared to that for petrol engines is 

(a) lower (ft) higher 

(c) same for same output (d) none of the above. 

2. The thermal efficiency of petrol engine as compared to diesel engine is 

(a) lower (6) higher 

(c) same for same power output (d) same for same speed. 

3. Compression ratio of petrol engines is in the range of 

M 2 10 3 (6) 7 to 10 

(c) 16 to 20 (d) none of the above, 

t Compression ratio of diesel engines may have a range 

(a) 8 to K) (6) 10 to 15 

(c) 16 to 20 (d) none of the above. 

The thermal efficiency of good I.C. engine at the rated load is in the range of 
(a) 80 to 90% (6) 60 to 70% 

(c) 30 to 35% (d) 10 to 20%. 

6. In case of S.I. engine, to have best thermal efficiency the fuel air mixture ratio should be 

(a) lean (ft) rich 

(c) may be lean or rich ( d) chemically correct. 

7. The fuel air ratio, for maximum power of S.I. engines, should be 


(a) lean 
(c) may be lean or rich 
In case of petrol engine, at starting 
(a) rich fuel air ratio is needed 
(c) chemically correct fuel air ratio is needed 
Carburettor is used for 
(a) S.I. engines 
(c) C.I. engines 
Fuel injector is used in 
(a) S.I. engines 
(c) C.I. engines 

Very high speed engines are generally 
(a) Gas engines 
(c) C.I. engines 


(6) rich 

(d) chemically correct. 

(6) weak fuel air ratio is needed 
( d ) any fuel air ratio will do. 

(6) Gas engines 
(d) none of the above. 

(b) Gas engines 
( d ) none of the above. 


12, In S.I. engine, to develop high voltage for spark plug 


(6) Si engines 
(d) Steam engines. 


13. 


14. 


15. 


<b) distributor is installed 
(d) ignition coil is installed. 

(6) distributor is installed 
(d) ignition coil is installed. 


(a) battery is installed 
(c) carburettor is installed 
In S.I. engine, to obtain required firing order 
(o) battery is installed 
(c) carburettor is installed 

For petrol engines, the method of governing employed is 
(a) quantity governing (ft) quality governing 

(c) hit and miss governing ( d ) none of the above. 

For diesel engines, the method of governing employed is 
(a) quantity governing (ft) quality governing 

(c) hit and miss governing ( d ) none of the above. 
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16. 


17. 


18. 


19. 


20 . 

21 . 



22 . 

23. 

24. 


25. 


26. 

27. 


28. 

29, 


1 . 

8 . 


Voltage developed to strike spark in the spark plug is in the range 
(a) 6 to 12 volts (b) 1000 to 2000 volts 

(c) 20000 to 25000 volts (d) none of the above. 

In a 4-cylinder petrol engine the standard firing order is 
(a) 1-2-3-4 (b) 1-4-3-2 

(c) 1-3-2-4 (d) 1-3-4-2. 

The torque developed by the engine is maximum 

(a) at minimum speed of engine (b) at maximum speed of engine 

(c) at maximum volumetric efficiency speed of engine 

(d) at maximum power speed of engine. 

Iso-octane content in a fuel for S.I. engines 
(a) retards auto-ignition 
(c) does not affect auto-ignition 
Normal heptane content in fuel for S.I. engines 
(a) retards auto-ignition 
(c) does not affect auto-ignition 
The knocking in S.I. engines increases with 
(a) increase in inlet air temperature 
(c) increase in cooling water temperature 
The knocking in S.I. engines gets reduced 
(a) by increasing the compression ratio 
(c) by increasing inlet air temperature 
Increasing the compression ratio in S.I. engines 
(a) increases the tendency for knocking 
(c) does not affect knocking 
The knocking tendency in petrol engines will increase when 

(a) speed is decreased (b) speed is increased 

(c) fuel-air ratio is made rich (d) fuel-air ratio is made lean. 

The ignition quality of fuels for S.I. engines is determined by 

(a) cetane number rating (b) octane number rating 

(c) calorific value rating (d) volatility of the fuel. 

Petrol commercially available in India for Indian passenger cars has octane number in the range 
(a) 40 to 50 (b) 60 to 70 

(c) 80 to 85 (d) 95 to 100. 

Octane number of the fuel used commercially for diesel engine in India is in the range 
(a) 80 to 90 (b) 60 to 80 

(c) 60 to 70 (d) 40 to 45. 


(b) accelerates auto-ignition 
(d) none of the above. 

(b) accelerates auto-ignition 
(d) none of the above. 

(b) increase in compression ratio 
(d) all of the above. 

(b) by retarding the spark advance 

(d) by increasing the cooling water temperature. 

(b) decreases tendency for knocking 
(d) none of the above. 


The knocking tendency in C.I. engines increases with 

(a) decrease of compression ratio (b) increase of compression ratio 

(c) increasing the temperature of inlet air (d) increasing cooling water temperature. 

Desirable characteristic of combustion chamber for S.I. engines to avoid knock is 

(a) small bore (b) short ratio of flame path to bore 

(c) absence of hot surfaces in the end region of gas (d) all of the above. 






ANSWERS 





(a) 

2. 

(a) 

3. (b) 

4. (c). 

5. 

(c) 

6. (a) 

7. (b) 

(a) 

9. 

(a) 

10. (c) 

11. (b) 

12. 

(d) 

13. (b) 

14. (a) 


;.,3 


u 




Visit: www.Civildatas.com 














608 


INTERNAL COMBUSTION ENGINES 



16. 

22 . 

29. 


1 . 


2 . 

3. 

4. 

5 . 

6 . 

7. 

8 . 

9. 

10 . 

11 . 


1 . 


2 . 


3. 


4. 


16 - (O 17. (eO 18, ( c ) 19. ( 0 ) 20, ( b ) 21 (d) 

W 24. (o) 25. (6) 26. (c) 27. (d) 28 (a) 

(d). 


THEORETICAL QUESTIONS 

(а) What do you mean by performance of I.C. engine ? 

(б) Discuss briefly the basic performance parameters. 

(c) Discuss with suitable sketch the brake rope dynamometer. 

Describe how the I.P. of a multicylinder engine is measured ? 

Describe the method commonly used in laboratory for measuring the air supplied to an I.C. engine. 
Derive the formula used for finding the mass of air supplied to an engine using an orifice tank. 

Explain the phenomenon of auto-ignition. Explain how auto-ignition is responsible for knocking in S I 
engines. 

Explain the phenomena of knocking in S.I. engine. What are the different factors which influence the 
knocking ? Describe the methods used to suppress it. 

Explain the difference between (i) pre-ignition, (ii) auto-ignition and (iii) detonation. 

What is meant by ignition delay ? 

What are causes of knock in C.I. engines ? 

What are the different methods used in C.I. engines to create turbulence in the mixture ? 

Explain its effect on power output and thermal efficiency of the engine. 

What do you mean by ‘octane number* and ‘cetane number’ of fuels ? How are they determined ? 


UNSOLVED EXAMPLES 


A single-cylinder petrol engine working on two-stroke cycle develops indicated power of 5 kW. If the 
mean effective pressure is 7.0 bar and the piston diameter is 100 mm, calculate the average speed of the 
piston. 

[Hint. Average piston speed = 2 LN.] [Ans. 109 x ^ 

A 4-cylinder petrol engine works on A mean effective pressure of 5 bar and engine speed of 1250 r.p.m. 

Find the indicated power developed by the engine if the bore is 100 mm and stroke 150 mm. 

[Ans. 6.11 kW] 

A 4-cylinder four-stroke S.I. engine is designed to develop 44 kW indicated power at a speed of3000 r.p.m. 

The compression ratio used is 6. The law of compression and expansion is pV 1 - 3 = constant and heat 
addition and rejection takes place at constant volume. The pressure and temperature at the beginning 
of compression stroke are 1 bar and 50*C. The maximum pressure of the cycle is limited to 30 bar. 
Calculate the diameter and stroke of each cylinder assuming all cylinders have equal dimensions. 

Assume diagram factor = 0.8 and ratio of stroke/bore = 15. [Ans. D = 95 mm, L = 142.5 mm] 

During the trial of a four-stroke diesel engine, the following observations were recorded : 

Area of indicator diagram = 475 mm 2 , length of indicator diagram = 62 mm, spring number =1.1 bar/mm, 
diameter of piston = 100 mm, length of stroke = 150 mm, engine r.p.m. = 375. 

Determine : (i) Indicated mean effective pressure 

(u) Indicated power. [Ans. (j) g.43 bar ; (ii) 3.1 kWj 

A 4-cylinder, four-stroke diesel engine runs at 1000 r.p.m. The bore and stroke of each cylinder are 
100 mm and 160 mm respectively. The cut off is 6.62% of the stroke. Assuming that the initial condition i 

of air inside the cylinder are 1 bar and 20°C, mechanical efficiency of 75%, calculate the air-standard ' 

efficiency and brake power developed by the engine. 
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Also, calculate the brake specific fuel consumption if the air/fuel ratio is 20 : 1. Take R for air as 
0.287 kJ/kg K and clearance volume as 0.000084 itf. [Ans. 61.4%, 21.75 kW, 0.4396 kg/kWh] 

During a trial of a two stroke diesel engine the following observations were recorded : 

Engine speed = 1500 r.p.m., load on brakes = 120 kg, length of brake arm = 875 mm. 

Determine : 

(D Brake torque (ii) Brake power. [Ans. (i) 1030 N-m ; (ii) 161.8 kW] 

A four-stroke gas engine developes 4.2 kW at 180 r.p.m. and at full load. Assuming the following data, 
calculate the relative efficiency based on indicated power and air-fuel ratio used. Volumetric efficiency 
= 87%, mechanical efficiency = 74%, clearance volume = 2100 cm 3 , swept volume = 9000 cm 3 , fuel 
consumption = 5 m 3 /h, calorific value of fuel = 16750 kj/m 3 . [Ans. 50.2%, 7.456 : 1] 

During the trial of a four-stroke cycle gas engine the following data were recorded : 

Area of indicator diagram = 565.8 mm 2 

Length of indicator diagram = 74.8 mm 
Spring index = 0.9 bar/mm 

Cylinder diameter = 220 mm 

Stroke length = 430 mm 

Number of explosions/min = 100 

Determine : (i) indicated mean effective pressure 

(ii) Indicated power. [Ans. (i) 6.8 bar ; (ii) 18.5 kW] 

The following observations were recorded during a trial of a four stroke engine with rope brake 
dynamometer: 

Engine speed - 650 r.p.m., diameter of brake drum = 600 mm, diameter of rope = 50 mm, dead load on 

the brake drum = 32 kg, spring balance reading = 4.75 kg. 

Calculate the brake power. [Ans. 5.9 kW] 

The following data refer to a four stroke petrol engine : 

Engine speed = 2000 r.p.m., ideal thermal efficiency = 35%, relative efficiency = 80%, mechanical effi¬ 
ciency = 85%, volumetric efficiency = 70%. 

If the engine develops 29.42 kW brake power calculate the cylinder swept volume. [Ans. 0.00185 m 3 ] 
11. A single cylinder four-stroke gas engine has a bore of 178 mm and a stroke of 330 mm and is governed 
by hit and miss principle. When running at 400 r.p.m. at full load, indicator cards are taken which give 
a working loop mean effective pressure of 6.2 bar, and a pumping loop mean effective pressure of 0.35 
bar. Diagrams firom the dead cycle give a mean effective pressure of 0.62 bar. The engine was run light 
at the same speed (i.e. with no load), and a mechanical counter recorded 47 firing strokes per minute. 
Calculate: 

(i) Full load brake power (ii) Mechanical efficiency of the engine. 

[Ans. (i) 13.54 kW ; (ii) 84.7%] 

During a 60 minutes trial of a single cylinder four stroke engine the following observations were re¬ 
corded : 


9. 


10 . 


12 . 


13. 


Bore - 0.3 m, stroke - 0.45 m, fuel consumption = 11.4 k£, calorific value of fuel = 42000 kJ/kg, brake 
mean effective pressure = 6.0 bar, net load on brakes = 1500 N, r.p.m. = 300, brake drum diameter = 
1.8 m, brake rope diameter = 20 mm, quantity of jacket cooling water = 600 kg, temperature rise of 
jacket water = 55°C, quantity of air as measured = 250 kg, exhaust gas temperature = 420°C, c } for 
exhaust gases = 1 kJ/kg K, ambient temperature = 20“C. P 

Calculate . (i) Indicated power \ (ii) Brake power j 

(iii) Mechanical efficiency (io) Indicated thermal efficiency. 

Draw up a heat balance sheet on minute basis. [Ans. (i)47.7kW, (ii)42.9kW, (iii) 89.9%, (iv) 35.86%] 
A quality governed four-stroke, single-cylinder gas engine has a bore of 146 mm and a stroke of 
280 mm. At 475 r.p.m. and full load the net load on the friction brake is 433 N, and the torque arm 
is 0.45 m. The indicator diagram gives a net area of 578 mm 2 and a length of 70 mm with a spring 
rating of 0.815 bar/mm. 
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14. 


15. 


16. 


18. 


19. 


20 . 
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Calculate : (i) The indicated power (ii) Brake power 

(iii) Mechanical efficiency. iAns. (£) 12.5 kW (ii) 9.69 kW (iii) 71.5%) , 

A two-cylinder four stroke gas engine has a bore of 380 mm and a stroke of 585 mm. At 240 r.p.m. the^ 
torque developed is 5.16 kN-ra. 

Calculate : (i) Brake power («) Mean piston speed in m/s 

(iii) Brake mean effective pressure. [Arts. ( i) 129.8 kW (ii) 4.68 m/s ; (tii); 4.89 bar]. 

The engine of Problem 14 is supplied with a mixture of coal gas and air in the proportion of 1 to 7 by vol¬ 
ume. The estimated volumetric efficiency is 85% and the calorific value of the coal gas is ^SOO kJ/nP , 
Calculate the brake thermal efficiency of the engine. 27 

A 4-cylinder, four-stroke diesel engine has a bore of 212 mm and a stroke of 292 mm. At full load atj 
720 rpm the b.m.e.p. is 5.93 bar and the specific fuel consumption is 0.226 kg/kWh. The air/fuel ratio! 
as determined by exhaust gas analysis is 25 : 1. Calculate the brake thermal efficiency and volumetric 
efficiency of the engine. j 

Atmospheric conditions are 1.01 bar and 15°C and calorific value for the fuel may be takei* 
as 44200 kJ/kg. {Ans * 36% ’ 76 ' 5% ^ 

A 4-cylinder petrol engine has an output of 52 kW at 2000 r.p.m. A Morse test is carried out and the 
brake torque readings are 177,170,168 and 174 N-m respectively. For normal running at this speed the^ 
specific fuel consumption is 0.364 kg/kWh. The calorific value of fuel is 44200 kJ/kg. 

Calculate : ( i ) Mechanical efficiency 

(ii) Brake thermal efficiency of the engine. [Ans. (t) 82% , (ii) 22.496 

A V-8 four-stroke petrol engine is required to give 186.5 kW at 440 r.p.m. The brake thermal effidenpjr 
can be assumed to be 32% at the compression ratio of 9 : 1. The air/fuel ratio is 12 : 1 and the volumetric 
efficiency at this speed is 69%. If the stroke to bore ratio is 0.8, determine the engine displacement 
required and the dimensions of the bore and stroke. The calorific value of the fuel is 44200 kJ/kg, and 
the free air conditions are 1.013 bar and 15°C. [Ans. 5.12 litres ; 100.6 mm , 80.5 nun] 

During the trial (60 minutes) on a single cylinder oil engine having cylinder diameter 300 mm, strob 
450 mm and working on the four stroke cycle, the following observations were made : \ 

Total fuel used = 9.6 litres, calorific value of fuel = 45000 kJ/kg, total number of revolutions = 12624 
gross indicated mean effective pressure = 7.24 bar, pumping i.m.e.p. = 0.34 bar, net load on the brai^ 

= 3150 N, diameter of brake wheel drum = 1.78 m, diameter of the rope = 40 mm, cooling watj™ 
circulated = 545 litres, cooling water temperature rise = 25°C, specific gravity of oil = 0.8. 
Determine : (i) Indicated power. (ii) Brake power. 

(iii) Mechanical efficiency. 

Draw up the heat balance sheet on minute basis. [Ans. (i) 77 kW ; (ii) 61.77 kW ; (iii) 80.22 

The following results were obtained on full load during a trial on a two stroke oil engine . 

Engine speed 
Net brake load 
m.e.p. 

Oil consumption 

Temperature rise of jacket cooling water 
Air used per kg of oil 
Temperature of air in test room 
Temperature of exhaust gases 
Following data also apply to the above test: 

Cylinder diameter 
Stroke 

Effective brake diameter 
Calorific value of oil 
Proportion of hydrogen in fuel oil 
Partial pressure of steam in exhaust gases 


; 350 r.p.m. 

= 600 N 
= 2.75 bar 
= 4.25 kg/h 
= 25°C 
= 31.5 kg 
= 20°C 
= 390°C 

= 220 mm 
= 280 mm 
= 1 metre 
= 45000 kJ/kg 
= 15% 

- 0.04 bar 
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21 . 


22 . 



Mean specific heat of exhaust gases 
Specific heat of superheated steam 
Specific heat of water 
Determine : ( i ) Indicated power. 

(iii) Mechanical efficiency. 
Draw up heat balance sheet for the test. 


= 1.0 kJ/kg K 
= 2.1 kJ/kg K 
= 4.186 kJ/kg K 
(ti) Brake power. 

[Ans. (*) 17.1 kW ; (ii) 11 kW ; (iii) 64.33%] 


A 4-cylinder, four-stroke diesel engine developes 83.5 kW at 1800 r.p.m. with specific fuel consumption 
of 0.231 kg/kWh, and air/fuel ratio of 23 : 1. The analysis of fuel is 87% carbon and 13% hydrogen, and 
the calorific value of the fuel is 43500 kJ/kg. The jacket cooling water flows at 0.246 kg/s and its 
temperature rise is 50 K. The exhaust temperature is 316*C. Draw up an energy balance for the engine. 
Take R = 0.302 kJ/kg K and c p =* 1.09 kJ/kg K for the dry exhaust gases and c p = 1.86 kJ/kg K for 
superheated steam. The temperature in the test house is 17.8°C, and the exhaust gas pressure is 
1.013 bar. 


[Ans. B.P. = 35.8%, cooling water = 22.1%, exhaust = 24%, radiation and unaccounted = 16.7%] 
During the trial of a single cylinder, 4-stroke, diesel engine the following observations were recorded : 
Bore = 350 mm, stroke = 450 mm, r.p.m. = 400, area of indicator diagram = 472 mm 2 , length of indicator 
diagram = 62 mm, spring constant = 0.59 bar/mm, load on hydraulic dynamometer = 970N, dynamometer 
constant = 7500, fuel used = 10.78 kg/h, calorific value of fuel = 50000 kJ/kg, cooling water circulated = 
24 litres/min, rise in temperature of cooling water = 24“C. The main analysis of fuel is : carbon = 85%, 
hydrogen = 14%, incombustibles = 1%. The volume analysis of exhaust gases is : carbon dioxide = 8%, 
oxygen = 11%, nitrogen = 81%. Temperature of exhaust gases = 380°C, specific heat of exhaust gases = 
1.05 kJ/kg°C, ambient temperature = 20°C, partial pressure of steam in exhaust gases = 0.03 bar, 
specific heat of superheated steam = 2.1 kJ/kg°C. 

Draw up the heat balance sheet on minute basis. 

[Ans. ( i) Heat equivalent of B.P. = 34.55%, (ii) heat lost in friction = 8.73%, 
(iii) heat carried away by cooling water = 26.84%, 

(iy) heat in dry exhaust gases = 19.54%, 

(v) heat carried away by steam in exhaust gases = 7.24%, 

(vi) heat unaccounted for = 3.10%] 


A 4-cylinder petrol engine has a bore of 57 mm and a stroke of 90 mm. Its rated speed is 2800 r.p.m. and 
it is tested at this speed against a brake, which has a torque arm of 0.356 m. The net brake load is 155 N 
and the fuel consumption is 6.74 litres/h. The specific gravity of petrol used is 0.735 and it has a lower 
calorific value of 44200 kJ/kg. A Morse test is carried out and the cylinders are cut out in order 1, 2, 3, 
4 with corresponding brake loads 111, 106.5,104.2 and 111 N, respectively. Calculate for this speed : 
(i) The engine torque. (m) The brake mean effective pressure. 

(Hi) The brake thermal efficiency. (iv) The specific fuel consumption. 

(u) The mechanical efficiency. (vi) The indicated mean effective pressure. 

[Ans. ( i ) 55.2 N-m ; (ii) 7.55 bar ; (iii) 26.6% ; (iu) 0.306 kg/kWh ; (y) 82.8% ; (ui) 9.12 bar] 
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Air Pollution from I. C. Engines 
_ and Its Control \ 

t 8 Ts d f T C 7 bus ‘ i0 " P r0< Iucts—Mixture ! 

Crankcase emission-Evaporative ^ engine emissions— 

Control-Modification in theenginede^andone^.i “'T t SX 6ngine emission 

Exhaust emission control by fuel variation RIn K 8 Parameters Exhaust gas oxidation— 

(EECD)—Control of oxides ofcontrol device 
engine emissions. 18.6. Diesel Snfokeand Peekages. 18.5. Diesel 

Measurement of smoke—Control of smoke— Diesel 8 * haU ® t sm °ke—Causes of smoke- 
gasoline and diesel emissions. 18 8.L™eI^°n l8t £ 18 ' 7 ' Com P aris ™ of 

control. 18.10. Effects of engine emissions 9 ‘ ^ Ut l? n from gas turbine « and its 

Questions—Theoretical Questions. Uman he ^ th — Hl &hlights—Objective Type 


18 . 1 . INTRODUCTION 

• £ r f!^ 

. The It 1 ' r" Stati0DS ’ indUStria ' and d ° meStiC fuel also ad7;o.l C ution UCh 

responsible forl^muc^ J? the bastion engines is 

and the environment. Thus concerted efforts are h ^ 1S d ® tnmentaI to human health 

18.2. POLLUTANTS 

18.2.1. Pollution Derived from Combustion Products 

“cS 

2. Hydrocarbons (HC) 

3. Oxides of nitrogen (NO ). 

a. «•**—*-*-».. »*«. 

“" fc " “• -*> - <“ ■<■* - -... 

1 . Carbon monoxide (CO): 

• It is a colourless gas of about the same density as air. 

Jhat ° Xygen in the blood stream so 

’ Sl a anrpt?duce? and mental 
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sr ’ N 

£ Mechanism of formation of CO: 

CO is generally formed when the mixture is rich in fuel. The amount of CO formed increases as 
mixture becomes more and more rich in fuel. A small amount of CO will come out of the exhaust 
||Seven when the mixture is slightly lean in fuel. This is due to the fact that equilibrium is not estab- 
fished when the products pass to the exhaust. At the high temperature developed during the com- 
^bustion, the products formed are unstable, and the following reactions take place before the equilib- 
RTrium is established. 

P 2H 2 0 + 0 2 -> 2(1 -y) HjO + 2>H 2 +y0 2 - k 

fTr where, y is the fraction of H 2 0 dissociated. 

c + 0 2 - > C0 2 - > (1 -x)C0 2 + xCO + ~ 0 2 

As the products cool down to exhaust temperature, major part of CO reacts with oxygen to 
form C0 2 . However, a relatively small amount of CO will remain in exhaust, its concentration in¬ 
creasing with rich mixtures. 

2 . Hydrocarbons (HC): 

• Hydrocarbons, derived from unburnt fuel emitted by exhausts, engine crankcase fumes 
and vapour escaping from the carburettor are also harmful to health. 

Mechanism of formation ofHC 

— Due to existence of local very rich mixture pockets at much lower temperatures than the 
combustion chambers, unburnt hydrocarbons may appear in the exhaust. 

— The hydrocarbons also appear due to flame quenching near the metallic walls. 

A significant portion of this unburnt hydrocarbon may burn during expansion and exhaust 
strokes if the oxygen concentration and exhaust temperature is suitable for complete oxidation. 
Otherwise a large amount of hydrocarbon will go out with the exhaust gases. 

3. Oxides of nitrogen (N0 X ): 

• Oxides of nitrogen and other obnoxious substances are produced in very small quantities 
and, in certain environments, can cause pollution ; while prolonged exposure is danger¬ 
ous to health. 

Mechanism of formation of nitric oxide (NO) 

— At high combustion temperatures, the following chemical reactions take place behind 
the flame : 

N 2 + 0 2 - > 2N0 

N 2 + 2^0-> 2N0 + 2H 2 

Chemical equilibrium calculations show that a significant amount of NO will be formed at 
the end of combustion. The majority of NO formed will however decompose at the low temperatures 
of exhaust. But due to very low reaction rate at the exhaust temperature a part of NO formed 
remains in exhaust. It is far in excess of the equilibrium composition at that temperature as the 
formation of NO freezes at low exhaust temperatures. 

— The NO formation will be less in rich mixtures than in lean mixtures. 

Smoke or particulate 

• Solid particles are usually formed by dehydrogenation, polymerisation and agglomera¬ 
tion. 

• In the combustion process of different hydrocarbons, acetylene (C 2 H 2 ) is formed as an 
intermediate product. These acetylene molecules after simultaneous polymerisation and 
dehydration produce carbon particles, which are the main constituent of the particulate. 
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Aldehydes 

• Due to very slow chemical reaction during delay period in the diesel engines, aldehydes 
are formed as intermediate products. In some parts of the spray the aldehydes will be left 
after the initial reactions. These aldehydes may be oxidised in the later part of the cycle, 
if the mixture temperature is high, and if there is sufficient oxygen. 

• At heavy loads, due to lack of oxygen, an increase in aldehyde emission in the exhaust is 
observed. 

Following points are worth noting : 

1. If the air-fuel mixture is too rich there is insufficient air for complete combustion and 
some of the fuel will not be burnt or at least only partly burnt. Since hydrogen has a greater affinity 
for oxygen, hydrogen will take all the oxygen it needs leaving the carbon with a deficiency of oxygen. 
As a result of the shortage of oxygen a percentage of the carbon will be converted to carbon monoxide 
as well as carbon dioxide, and, with very rich mixtures, particles of pure unburnt carbon may be 
expelled from the exhaust as “black smoke”. 

Incomplete combustion due to partial oxidation of the hydrocarbon fuel also produces other 
products such as acetylene and aldehyde. These products, when expelled from the exhaust, leave an 
unpleasant smell and are particularly noticeable during engine warm-up when a rich mixture is 
provided. 

2. If the mixture is made too weak it is unlikely that the atomised liquid fuel will be thor¬ 
oughly mixed throughout the combustion chamber so thats/oio burning, incomplete combustion and 
misfiring may result. 

A further characteristic of weak mixtures is that the excess oxygen (which has not taken part 
in the combustion process) at very high temperature is able to combine with some of the nitrogen 
that constitutes about three-quarters of air, to form oxides of nitrogen such as nitrogen peroxide 
(N0 2 ). The amount of nitrogen peroxide produced will increase as the mixture weakens until it peaks 
at just over an air fuel ratio of 15.5:1, beyond this point the temperature of combustion begins to fall ■ 
below that necessary for formation of nitrogen peroxide so that with further reduction in mixture 
strength the amount 6f nitrogen peroxide progressively decreases. I 

18.2.2. Mixture Strength and Combustion Product Characteristics I 

• The chemically correct air fuel ratio by mass for complete combustion is known as j 

stoichiometric ratio. 1 

• Refer Fig. 18.1. It shows how the three main exhaust pollutants products (CO, HC, NO J 1 
vary from different air-fuel ratio operating on either side of the stoichiometric ratio for a ’ 
very rich mixture (11 : 1) to a very lean mixture (18 : 1), 

— The amount of CO produced in the exhaust is about 8% for an 11 : 1 air-fuel, ratio, j 
but this percentage steadily decreases to zero as the mixture is reduced to just I 
beyond the stoichiometric ratio (on the lean side). j 

“ HC produced in the exhaust gases amounts to about 1100 parts per million (ppm) J 
with a rich 11 : 1 air-fuel ratio and, as the mixture strength approaches thel 
stoichiometric ratio, it progressively falls to around 500 ppm. A further weakening 1 
of the mixture to 18 : 1 air-fuel ratio only reduces HC content to approximately * 
350 ppm. *1 

— Oxides of nitrogen products formed during combustion are very low at 100 ppm with i 
a rich air-fuel ratio of 11: 1. As the mixture strength approaches the stoichiometric | 
ratio it rises fairly rapidly to 2000 ppm, and a further reduction of the mixture ^ 
strength to 15 :1 peaks the oxides of nitrogen to something like 2,300 ppm, weaken- 1 
ing the mixture beyond this point rapidly reduces it until, at an 18 : 1 air-fuel ratio, j 
it is 1000 ppm. | 
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Fig. 18.1. Effects of mixture strength on exhaust composition of a petrol engine. 

18.3. SPARK IGNITION (S.I.) ENGINE EMISSIONS * 

The following are the three main sources from which pollutants are emitted from the S.I. 
engine : 

1. The crankcase. Where piston blow-by fumes and oil mist are vented to the atmosphere. 

2. The fuel system. Where evaporative emissions from the carburettor or petrol injection air 
intake and fuel tank are vented to the atmosphere. 

3. The exhaust system. Where the products of incomplete combustion are expelled from the 
tail pipe into the atmosphere . 
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Fig. 18.2. Spark ignition engine emissions. 
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internal combustion engines 

18.3.1. Crankcase Emission 
Piston ring blow-by: 

spirt and the cylinder .S^rlnTa *&*-**&*■ seal between the sliding piston 
cficirge and burnt fumes which manage to escaZ oast Z * 0me com P^ssed 

piston rings and therefore enter the crankcase (Fie 18 * e '° m P ression ««* oil control 
way past the piston ring belt may be unburnf i ^ ^ *. ‘ ^ ese & ases which find their 

partially burnt) products of combustion, CoJ. h’o (steamer by 0 dr ° Carb ° ns - ° r burnt (or 


(a) Blow-by during _ 
the compression 
stroke 


Escaping 

charge 



(b) Blow-by during _ 
the power stroke 


Escaping 

exhaust 

gases 


0.08 - 


- 0.06 


Fig. 18.3. Piston ring blow-by. 


Piston blow-by increases with engine speed 
and, m particular, as the piston rings and 
cylinder bore wears (Fig. 18.4), the blow-by 

range* 63 m ° re n ° ticeable in the upper speed 

Blow-by takes place between the piston ring 
gap, piston-ring to piston-groove clearance 
and in the T.D.C. region where the piston 
nng circumferential shape can not accu¬ 
rately follow the contour of an oval or bell 
mounter cylinder wall. 

Besides effectively reducing the engine com- 
pressmn ratio and the power developed, the 
effects of piston blow-by are two-fold : 

(i) It can lead to a high concentration of 
combustible air-fuel mixture which could 
cause an explosion in the crankcase. 


0.04 


0.02 - 




u 2000 4000 

Engine speed (rev/min) 

Fig. 18.4. Effect of engine speed on 
piston and ring blow-by. 
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(ii) The air-fuel mixture, partially burnt and fully burnt vapour fumes, will condense and 
contaminate the engine’s lubricating oil. 

Since it is impossible to eliminate piston blow-by completely, an organised connection is de- 
i erate y created which circulates the crankcase and rocker or camshaft cover spaces and conse¬ 
quent y carries the unwanted fumes out with it. The removal of blow-by gases and vapour fumes 
from the crankcase is obtained by creating a partial depression at the outlet location so that blow-by 
gases under pressure (escaping between the piston and cylinder wall) arte attracted towards the 
lower pressure region of the crankcase, at which point they are expelled. 

Following are the two methods of creating the extraction depression : 

(i) The road draught crankcase ventilation system. 

The unacceptable limitation of this system of crankcase ventilation, due to expulsion of gas 
and fume vapour (HC and CO) into the atmosphere thereby contributing to pollution, has made this 
method of internal purging of the engine obsolete. 

(ii) The induction manifold vacuum positive crankcase ventilation system. 

• The blow-by HC emissions are about 20% of the total HC emission from the engine; this is 
increased to about 30% if the rings are worn. 

18.3.2. Evaporative Emission 

• E r P 7 3tlVe emissions amount for 15 to 25% of total hydrocarbon emission from a gasoline 
engine. The following are two main sources of evaporative emissions : 

(i) The fuel tank 

(ii) The carburettor. 

, ^ Fuel tank l° ss es. The main factors governing the tank emissions are fuel volatility and 

“5? ambient temperature but the tank design and location can also influence the emissions as location 
attects the temperature. Insulation of tank and vapour collection systems have all been explored 
with a view to reduce the tank emission. 

(ii) Carburettor losses. Carburettor emission may be divided with following two categories : 

(i) Running losses ; (ii) Parking losses. 

^| th °ogh most internally vented carburettors have an external vent which open at idle 
throttle position, the existing pressure forces prevent outflow of vapours to the atmos¬ 
phere. Internally vented carburettor may enrich the mixture which in turn increases 
exhaust emission. 

Carburettor losses are significant only during hot condition when the vehicle is in opera¬ 
tion. The fuel volatility also affects the carburettor emissions. 

18.3.3. Exhaust Emission 

... „ Tbe difFerent constituents which are exhausted from S.I. engine and different factors which 
will affect percentages of different constituents are discussed below : 

1. Hydrocarbons (HC): 

The emission amount of HC (due to incomplete combustion) is closely related to : 
design variables (such as induction system and combustion chamber design); 

— operating variable (such as A/F ratio, speed, load); 

mode of operation (such as idling, running or accelerating). 

The following factors affect HC emission : 

(i) Surface/Volume (S/V) ratio. Fig. 18.5 shows the effect of S/V ratio on HC emission. 

(ii) Wall quenching. 
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{iii) Incomplete combustion. When the mixture 
supplied is rich or lean ; the flame propagation becomes 
weak which causes incomplete combustion and results in 
HC emission. The incomplete flame propagation is caused 
by the following factors : 

(а) Law charge temperature ; 

(б) Too rich or too lean mixture ; 

(c) Poor condition of the ignition system ; 

(d) Non-uniform fuel in the mixture supplied to the 
engine ; 

(e) Large exhaust residual gases left in the cylinder. 

( iu ) Spark plug timing. It is observed that HC emis¬ 
sion is reduced by retarding the spark plug timing during 
low speed (lower than 40 km/h) but has no effect when run¬ 
ning at 40 km/h. 

(o) Compression ratio. It has been observed through experiments that emission of HC in ex¬ 
haust is decreased with an increase in compression ratio. 

2. Carbon monoxide (CO): 

• If the oxidation of CO to C0 2 is not complete, CO remains in the exhaust. 

• It can be said theoretically that, the petrol engine exhaust can be made free from CO by 
operating it at A/F ratio = 15. However, some CO is always present in the exhaust even 
at lean mixture and can be as high as 1 per cent. 

• The percentage of CO increases during engine idling but decreases with speed. 

— Whatever may be condition of running at any load or speed, and A/F ratio, it is not 
possible to completely eliminate CO and 0.5 percent is considered a reasonable goal. 

• CO emissions are lowest during acceleration and at steady speeds. They are, however, 
high during idling and reach maximum during deceleration. 

3. Oxides of nitrogen (NO x ) i 

• Oxides of nitrogen occur mainly in the form of NO and N0 2 and are generally formed at 
high temperature. 

• The maximum NO x levels are observed with A/F ratios of about 10 percent above 
stoichiometric. More air than this reduces peak temperature and therefore NO x concen¬ 
tration falls, even free 0 2 is available. 

• The following factors affect the formation of NO x : 

(i) A/F ratio; 

(ii) r.p.m.; 

(iii) Angle of advance. The decreasing angle of advance decreases appreciably the forma¬ 
tion of NO x . 

— It has also been observed that NO x increases with increasing manifold pressure , 
engine load and compression ratio. This characteristic is different from HC and CO 
emission which are nearly independent of engine load except for idling and decel¬ 
eration. 

Lead emission 

• Lead emissions come only from S.I. engines. 

• In the fuel, lead is present as lead tetroethyl or tetramethyl, to control the self ignition 
tendency of fuel-air mixtures that is responsible for knock (to improve the octane rating 
of the fuel). 
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• Major portion of the lead that enters the engine is emitted from the exhaust which forms 
very small particles of oxides and oxyhalides in the atmosphere A portion of the lea 
narticles falls to the ground very quickly, others are small enough to remain suspended 
fn the atmosphere sometime, before they fall out, usually after coagulation with other 

dusty material in air. 

• It may not be possible to eliminate lead completely from all petrols immediately because 
a large numbed of existing engines rely upon the lubrication provided by a lead film to 
prevent rapid wear of exhaust valve seats. However, a very small lead content would be 
adequate for the purpose. 

Following points are worth noting : 

• Both the flow rate and pollutant concentration , for exhaust emissions, can change wit 
the mode operation. Both must be considered in determining emissions. 

_ Under constant high speed conditions, exhaust HC concentrations are low iohilethe 
flow rates are high. During accelerations the flow rate is low but HC concentration is 

— The concentration of HC in the crankcase and evaporative losses is virtually inde¬ 
pendent of operating conditions, but th eflow rates from each of these sources change 
during various operations. , 

Thus, on km basis CO and HC emissions decrease with increasing driving speed 
while NO x emissions are relatively not affected. 

• In a poorly maintained engine the exhaust pollution is more. 

__ An automatic choke sticking in the closed position or a vepr dirty air cleaner ele¬ 
ment can reduce air-fuel ratio, generally increasing HC and CO emissions. 

— A misfire allows an entire air-fuel charge to be exhausted without combustion. 

18.4. S.I. ENGINE EMISSION CONTROL 

The main methods, among various methods, for S.I. engine emission control are . 

1. Modification in the engine design and operating parameters. 

2. Treatment of exhaust products of combustion. 

3. Modification of the fuels. 

18.4.1. Modification in the Engine Design and Operating Parameters 

Engine design modification improves upon the emission quality. A few parameters which 
improve an emission are discussed below . 

1. Combustion chamber configuration : 

Modification of combustion chamber involves avoiding flame quenching zones where combus¬ 
tion might otherwise be incomplete and resulting in high HC emission. This includes : 

— Reduced surface to volume (S/V) ratio ; 

_ Reduced squish area ; 

_ Reduced space around piston ring ; 

— Reduced distance of the top piston ring from the top of the piston. 

2. Lower compression ratio : 

• Lower compression ratio reduces the quenching effect by reducing the quenching area, 
thus reducing HC. 

• Lower compression ratio also reducesNO x emissions due to lower maximum temperature. 

• Lower compression, however, reduces thermal efficiency and increases fuel consumption. 
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• This arrangement/system is not successful in reducing the emission owing to the diffi¬ 
culty in sustaining the combustion during low HC emissions due to high heat losses over 
a large area. 

2 . Exhaust manifold reactor: 

• The exhaust manifold reactor is a further development of after-burner where the design 
is changed so as to minimise the heat loss and to provide sufficient time for mixing of 
exhaust and secondary air. 

• Fig. 18.7 shows a General Motors, air injection system. ) 



Fig. 18.7. General motors air injection system. 

—- Here a positive displacement vane pump, driven by the engine, inducts air from the air 
cleaner or from separate air filter. 

The air passes into an internal or external distributing manifold, with tubes feeding a 
metered amount into the exhaust port of each cylinder and close to the exhaust valve. 

— Since the exhaust gases are at high temperature, the injected air reacts with HC, CO 
and aldehydes to reduce greatly the concentration of such emissions. 

The injected air is closely metered otherwise it can decrease the temperature of the exhaust 

gas. 

• In earlier type of reactor developed by Du Pont the entry of exhaust gases was radial and 
the air flow peripheral. 

3. Catalytic converter: 

• A catalytic converter is a device which is placed in the vehicle exhaust system to reduce HC 
and CO by oxidising catalyst and NO by reducing catalyst 

• The basic requirements of a catalytic converter are : 

C i ) High surface area of the catalyst for better reactions. 

(ii) Good chemical stability to prevent any deterioration in performance. 

(Hi) Low volume heat capacity to reach the operating temperatures. 
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(iv) Physical durability with attrition resistance. 

(o) Minimum pressure drop during the flow of exhaust gases through the catalyst bed * 

this will not increase back pressure of the engine. 

Fig 18.8 shows a catalytic converter, developed by the Ford Company. It consists of two 
separate elements one for NO x and the other for HC/CO emissions. The secondary air is injected 
ahead of the first element. The flow in the converter is axial. 


Exhaust 
gas in 



Pig. 18.8. Catalytic converter. 

Oxidafion catalytic reactions . CO, HC and 0 2 from air are catalytically converted to 
C0 2 and H 2 0 and number of catalysts are known to be effective noble metals like plati¬ 
num and plutonium, copper, vanadium, iron, cobalt, nickel, chromium etc. 

— Reduction catalytic reactions . The primary concept is to offer the NO molecule an 
activation site, say nickel or copper grids in the presence of CO but not 0 2 which will 
cause oxidation, to from N 2 and C0 2 . The NO may react with a metal molecule to form an 
oxide which then in turn, may react with CO to restore the metal molecule. 

,. * ^ hodi ^ » be$t catal y st control NO x but A/F ratio must be within a narrow range of 
I4.b : 1 to 14.7 : 1. ' 

Major drawbacks of catalytic converter are as under : 

(i) Owing to the exothermic reactions in the catalyst bed the exhaust systems are hotter than 

normal. 

catalytkacUvitP^^ SUCh COnverter should not use leaded fi** a s lead destroys complete 
(iii) If the fuel contains sulphur (as diesel oil) emission of S0 3 is increased. 

Three-way, Two-way and noble metal catalytic converters: 

1. Three-way catalytic converter: 

If an en &* ne is operated at all times with an air-fuel ratio close to stoichiometric, then both 
O reduction and CO and HC oxidation can be done in a single catalyst bed. The catalyst effectively 
rings the exhaust gas composition to a near equilibrium state at these exhaust conditions, i.e., a 
composition of C0 2 , H 2 0 and N a . Enough reducing gas will be present to reduce NO, and enough O, 
to oxidize the CO and hydrocarbons (HC). Such a converter is called three-way catalytic con¬ 
verter, since it removes all the three pollutants. There is a narrow band of air-fuel ratios near 
stoichiometric in which high conversion efficiencies for all three pollutants are available. Commer¬ 
cial three-way catalysts contain platinum, rhodium with someA 2 0* MO and Ce0 2 . Alumina is the 
preferred support material. 
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2. Two-way catalytic converter : 

In two-way catalytic converter, the exhaust line has two catalytic converters in it. A reduc¬ 
tion catalyst is required to reduce N0 2 . An oxidation catalyst is placed downstream of the reduction 
catalyst to convert the excess HC and CO. The advantage of two-way converter is that it allows a 
partial decoupling of emission control from engine operations. Therefore the conversion efficiencies 
for HC and CO are very high at normal exhaust temperatures. 

3. Noble metal catalytic converter : 

They use noble metals as catalyst materials. Platinum or Platinum and Palladium are ap¬ 
plied to a ceramic support which has been treated with an aluminium oxide wash coat. This results 
in an extremely porous structure providing a large surface area to stimulate the combination of 0 2 
with HC and CO. This oxidation process converts most of these compounds to water vapour and 
C0 2 . 

Failures of catalytic converter : 

The failures of catalytic converter may be due to the following factors / reasons : 

1. Converter melt down 2. Carbon deposit 

3. Catalyst fracture 4. Poisoning. 

The reason for catalytic converter being so popular: 

The most common range of exhaust gas temperatures for S.I. engines is 400-600°C, and the 
exhaust gas may contain modest amount of 0 2 (when lean) and more substantial amount of CO 
(when rich). In contrast diesel engines always operate lean. The exhaust therefore contains substan¬ 
tial amount of oxygen and is at low temperatures (200-500°C) removal of gaseous pollutants from 
the exhaust gases after they leave the engine may be either thermal or catalytic. 

In order to oxidize the hydrocarbons in the gas phase without catalyst (thermal), a resident 
time of the order of 50 minutes, and a temperature in excess of 700°C are required. To oxidize CO 
temperatures in excess of 700°C are required. Temperatures high enough for this purpose can be 
obtained by spark retard (with loss in efficiency) and insulation of exhaust parts and manifold. The 
residence time can be increased by increasing the exhaust manifold volume to form a thermal reac¬ 
tor. However this approach has limited application. 

Catalytic oxidation of CO and HC in the exhaust can be achieved at temperatures as low as 
250°C. Thus effective removal of the pollutants occur over a much wider range of exhaust tempera¬ 
tures than can be achieved with thermal oxidation. 

The only satisfactory method known for the removal of NO from exhaust gases involve cata¬ 
lytic processes. Removal of NO by catalytic oxidation to NO z requires temperatures less than 400°C 
(from equilibrium conditions), and subsequent removal of N0 2 produced. Catalytic reaction of NO 
with added NH 3 is not practicable because of the transient variation in NO produced in the engine. 

Reduction of NO by CO, HC or H 2 in the exhaust to produce N 2 is the preferred catalytic 
process. It is only feasible in S.I . engine exhaust. 

Therefore, use of catalytic convertor for CO, HC and N0 2 removal in IC engines has become 
wide-spread. 

18.4.3. Exhaust Emission Control by Fuel Variation 

• The ability of a fuel to burn in mixtures leaner than stoichiometric ratio is a rough 
indication of its potential emission reducing characteristics and reduced fuel consumption. 

• If gasoline is changed to propane as engine fuel CO emission can substantially be re¬ 
duced with reduced HC and NO x ; and in changing from propane to methane the CO as 
well HC emission touch zero level and only the NO x remains as a significant factor. 

• From pollution point of view, both methane and steam reformed hexane are very attrac¬ 
tive fuels but we are unable to use at present for want of technological progress. 
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18.4.4. Blow-by Control 
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• Fig. 18.9 shows a positive crankcase 
ventilation (PCV) system. 

— The filtered air is drawn from the 
air cleaner and passes on to the 
crankcase. The air and the blow- 
by gases passes through flow cali¬ 
brated PCV valve before being 
drawn into the intake manifold in 
order to restrict the air flow while 
idling when the vacuum is high at 
the manifold and the blowby is 
less. PCV valve is spring loaded. 

At wide open throttle, the air flow 
gets unrestricted but flow rate is 
metered by the valve opening. 

~ 0f th h e added blowby flow, the carburettor has to be calibrated. Since blow-by 

£? 4? r alr by " f pa f tbe ca ^urettor in entering the manifold, the failure of PCV will 
n, ui proper .fuel ratios. Due to improper seating of the PCV valve at high vacuum 

arge quantity of air and also lubricating oil mist will enter the manifold. This wd 

tcTrieh mkturesu* 11 ^ 8 ^ so ' the valve getting stuck to due to contaminants, wiU lead 

In Case ° f valve failure > ln this ayatem, blow-by is unable to go to atmosphere. 

18.4.5. Evaporation Emission Control Device (EECD) 

built in g T?! m n torS SyStem the filter pipe is sealed with a Pressure cap. It comprises a 

rcdeased'fro^'theVo b 3 '^ 5 aUo^for^hquhl"^ expansion.^he^afr gels 

18.4.6. Control of Oxides of Nitrogen (NO ) 

1 . Exhaust gas recirculation (EGR) 

2. Catalyst 

3. Water injection, 

1 Exhaust gas recirculation (EGR) : 

* Inl S meth K d I s C ° mm ° nly Used 10 reduce NO r- in P etro1 as well as diesel engines In S I 
nafr S ;if b0U per ? nt recirculation re duces NO, emission by 50 percent Unfortu 
nately, the consequently poorer combustion directly increases HC emission and calls for 

combustion reguiarity which a further indirect 
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* Sf; lf 1 1 n 0ah “^atbearrang em ent of exhaust gas recirculation (EGR) system. A portion 
(about 10 to 15%) of the exhaust gases is recirculated to cyhnder intake charge, and this 
reduces the quantity of 0 2 available for combustion. The exhaust gas for recirculation is 
a en (as shown m Fig. 18.10) through an orifice and passed through control valve for 
regulation of the quantity of recirculation. 

Control valve _ , 

Exhaust gas recirculation line 


Fuel-air 

mixture 



• The effect of A/F ratio of NO x emis¬ 
sion taking EGR parameter is shown 
in Fig. 18.11. 

— It may be observed from the fig¬ 
ure that, maximum emission of 
NOj takes place during lean mix¬ 
ture limits when gas 
recirculation is least effective. 
Whereas, for emission of hydro¬ 
carbon (HC) and carbon monox¬ 
ide (CO) lean mixture is pre¬ 
ferred, 15 percent recycling re¬ 
duces NO^ by 80 percent but in¬ 
creases HC and CO by 50 to 80%. 
These are two conflicting re¬ 
quirements of this emission con¬ 
trol system and this problem has 
been solved by adopting package 
system which have both NO x and 
HC/CO control devices. 

2 , Catalyst. A few types of catalysts have 
been tested to reduce the emission of NO ; a cop¬ 
per catalyst has been used in the presence of CO 
for this purpose. The research is going on to de¬ 
velop a good catalyst. 


Piston top 

Heavy insulation 
to retain heat 

Fig. 18.10. EGR system. 
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Fig. 18.11. Effect of recycling of gas on 
NO concentration. 
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3. Water injection. It has been observed that the specific fuel consumption decreases a few 
percent at medium water injection rate. Attempts have been made to use water as a device for 
controlling the NO x . This method, because of its complexity, is rarely used. 

18.4.7. Total Emission Control Packages 

Earlier (previous articles) we have seen that any method which is used to decrease NO x 
tries to increase HC and CO and vice-versa. Thus it is of paramount importance to develop a 
method/system which should reduce emissions of NO x , HC, CO to a desired level simultaneously. 
After a long and detailed experimental study of various possible systems, the following two 
systems/packages have been developed to achieve the required results : 

1 . Thermal reactor package 

2. Catalytic converter package. 

Using this approach, the following are the three basic methods of emission control: 

00 Thermal reactors, which rely on homogeneous oxidation to control CO and HC ; 

(ii) Oxidation catalyst for CO and HC ; 

(iii) Dual catalyst system (here a reduction catalyst for NO x and an oxidation catalyst for CO 
and HC are connected in series). 

— Where control of NO x is required with the first two methods, EGR is added to the 
system. 

1. Thermal reactor package : 

• A thermal reactor is a chamber which is designed to provide adequate residence time for 
allowing appreciable oxidation of CO and HC to take place. For enhancing the conver¬ 
sion of CO to C0 2 the exhaust temperature is increased by retarding the spark. 



BGR 

metering 

valve 


Fig. 18.12. Thermal reactor package (Ford). 

• Actual thermal reactor (made of high nickel steel) that is used on a car consists of two 
enlarged exhaust manifolds which allow greater residence time for burning HC and CO 
with oxygen in the pumped in air. For keeping a flame constantly burning (and there by 
assuming complete combustion) a secondary air pump injects fresh air into the reactor ; 
this reduce^ HC anti CO. About 10 to 75 percent of the gas is recirculated after cooling in 
the intercooler to reduce the formation of NO x . 

— In this packing system are also included the following : 

(0 Enriched and stage carburettor temperature controls ; 

{ii) Crankcase valve to control blow-by gases ; 

( Hi ) Special evaporation control valves. 
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— In this package emission of NO x , HC and CO are reduced to a required level but at 
the cost of 20 per cent less power and 10 per cent more fuel consumption. 

— This converter can be employed for a run of 1.5 lacs km. 


2. Catalytic converter package : 

Th e,working principle of this package is to control the emission levels of various pollutants by 
changing the chemical characteristics of the exhaust gases. The catalytic converter package as com¬ 
pared to thermal reactor package requires non-leaded fuel as lead reduces the catalytic action. 

The major advantage of this converter (as compared to thermal reactor) is that it allows a 
partial decoupling of emission control from engine operation in that the conversion efficiencies for 
HC and CO are very high at normal exhaust temperatures. 

• Fig. 18.13 shows the arrangement of catalytic converter package . 



Clean gas 
to atmosphere 


Fig. 18.13. Catalytic converter package. 

— Converters for HC and CO and.NO x are arranged as shown in the figure. The NO x 
catalyst is the first element in the gas flow path, does not cause release of any heat. 
The next is HC/CO catalyst, which releases heat to such a great extent that may 
cause overheating and burning of the element. This is taken care of by injecting air 
through secondary air pump. 

— A bypass valve ahead of converter is used to increase the converter life (to about 
0.8 leas km). 

— For better control of NO x , exhaust gas is circulated via an intercooler back to air 
cleaner. 

• For this system, the power loss is about 30% and the fuel consumption is about 10% 
more than normal. 

18.5. DIESEL ENGINE EMISSIONS 

• Emissions from diesel engines can be classified in the same categories as those for the 
gasoline engines but the level of emission in these categories vary considerably. Typical 
level, of the constituents of the exhaust products of combustion in 4-stroke cycle and 
2 -stroke cycle are given in Table 18.1 at idling, accelerating, partial load and full load. 
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Table 18.1 


Engine exhaust 
constituents 


Concentration as measured in exhaust products 


Idling 

Accelerating 

Partial load 

Fuel load 



operation 

operation 

0.01 

0.25 

0.01 

0.35 

0.85 

5.5 

3.8 

5.30 

250 

500 

350 

550 

200 

1200 

1100 

1250 

17.0 

9.5 

1.0 

5.5 

4 

44 

4 

10 

0.02 

0.08 

0.04 

0.25 

2.5 

3.5 

5.5 

6.7 

180 

330 

210 

150 

330 

920 

590 

780 

8.0 

7.5 

5.0 

1.5 

4 

44 

4 

10 


Two-stroke cycle engine 

1. C0% 

2. C0 2 % 

3. HC ppm 

4. NO^ ppm 

5. RCH ppm 

6. Smoke Hartrige Unit 


Four-stroke cycle engine 
(Un-supercharged) 

1. CO% 

2. C0 2 % 

3. HC ppm 

4. NO^ ppm 

5. RCHO ppm 

6. Smoke, Hartrige Unit 


As shown m Fig. 18.14, it is worth noting that NO, concentration in unsupercharged 
4-stroke-cycle diesel engines vary linearly with power (output). The design and operat¬ 
ing parameters to control N0 2 are the same as for S.I. engines already discussed 
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18.6. DIESEL SMOKE AND CONTROL 
18.6.1. Exhaust Smoke 

sjxss £!&£ to th ~ •-*- -*• »• 

(i) The local F/A ratios; . 

j - (ii) The type of fuel; 

(Hi) The pressure. 

requirements f ( °*> which on the whole «■ much in excess of the 

requirements of perfect combustion, it will burn completely. If it is unable to find air (O ) in ihe 

And ,i f tHe lS SUfflClent ' U WlU be visible that * 

called smoke. The colour of the smoke depends on the size of soot particles. 

~ Sto^artiHef T° k f 3 Pr ° CeSS ° f convers i° n of molecules of hydrocarbon fuels 

of vervT ,T t-1 Sh °“ d be noted that soot is noicarbon but simply an aggomeration 
SStT free K rad : CalS ' * is als ° observe,I that soot formation during 

F^lbpi'fri^l" 1016 ^ 168 thamselves . is bought to be responsible for soot formation, 
“heavy ends”Tfde nS l 1 f iC ! ent ° 2 W *V glVe carbonaceous deposits. It is believed that the 

the dlsel enrine Th kT Py !f t0 ^ the typC of smoke that is observed from 
the diesel engine. This is believed to be the path of formation of polycyclic aromatic 
hydrocarbons (benzo-pyrene) found in soot. aromatic 

“ SdT n ‘ h t e o 0 tTe fnr Ve | een P r Ut f T Ward forthe formation of smoke but the basic reactions 
leading to the formation of smoke are not fully known. 

• The smoke of a diesel engine is, in general, of two basic types : 

hvt^lnw'r l0Wer f SUrr0Uading temperatures the combustion products are at a rela- 

esults in Zrr, 6 and , lnte, : media te Products of combustion do not burn. This 

when luhri^K fn Sm ° ke When exhaUsted - This type of smoke is also formed 
when lubricating oil flows past piston rings. 

(ii) Black smoke : 

. K consists of carbon particles suspended in the exhaust gas and depends largely upon A/F 

• It increases rapidly with the increase in load and available air is depleted. 

18.6.2. Causes of Smoke 

her. The\w^mZ™ h n e sr Se ** inc ° m P l *« burnin S of fuel inside the combustion cham- 

me two major reasons for incomplete combustion are : 

(i) Incorrect A/F ratio ; 

(ii) Improper mixing. 

These might result due to the design factors discussed below : 

1. Injection system : 

The following injection characteristics substantially increase the smoke levels. 

• Unsuitable droplet size. 

• Inadequate or excess penetration. 
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Excessive duration of injection. 

Secondary injection. 

Improper dispersion atomisation. 

Rating: 

It has been observed that smoke limited power is reached much before the thermal load 
limited power ; and the inevitability of smoke in exhaust is inherent in less loads. Thus 

« . i t « i • /nr . • . _ _ 1 i 1 jiA V*oo Imir oc T\OCCl mA 


3. Load : 

• Smoke may be defined as visible products of com¬ 
bustion. Rich mixtures (higher loads) results in 
higher smoke because of non-availability of oxy¬ 
gen for combustion. 

• The smoke level rises from no-load to full-load (Re¬ 
fer Fig. 18.15). During the first part (no-load, say, 
about half load), the smoke level is more or less 
constant, as there is always excess air present. 
However in higher load range there is an abrupt 
rise in smoke level due to less available oxygen. 

4. Fuel: 



Fig. 18.15 


• The white smoke produced in an engine depends upon the quality of fuel. < 

• Generally, more volatile fuels give less smoke than heavier fuels of similar cetane number. \ 

• The cetane number exercises no effect on production of black smoke. * 

5. Fuel-air ratio: 

• The smoke increases with the increasing fuel-air ratio. This increase in smoke 
with as much as 25% excess air in the cylinder, clearly indicates that, even in the pr 
ence of excess oxygen, diesel engine has a mixing problem. 

6. Engine type and speed: 

• The smoke levels at higher loads are higher in naturally aspirated engines tha 
turbocharged engines because the latter have adequate oxygen even at full-load. 

• At low as well as high speed the smoke is worse. 

7. Maintenance: 

• The smoke levels greatly depend upon the condition of the engine. Good maintenance! 
a must for lower smoke levels (the maintenance affects the injection characteristics a 
the quantity of lubricating oil which passes across the piston r|ngs and thus exercise 
significant effect on engine tendency to generate smoke). 

18*6.3. Measurement of Smoke 

Two basic types of smoke meters for measuring smoke density are : 

(j) Filter darkening type . (Examples : Bosch smoke meter ; Vem Brand smoke meter). 

Hi) Light extinction type. (Examples : Hartridge smoke meter ; UTAC smoke meter). 

The ‘light extinction meter* can be used for continuous measurements while the filter type- c 
be used only under steady state conditions. 

1. Bosch smoke meter: 

• It is a filter darkening type of smoke meter. 
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• In this meter, a measured volume of exhaust gas is drawn through a filter paper which is 
blackened to various degrees depending upon the carbon present in the exhaust gas. The 
density of u soot*’ is measured by timing out amount of light reflected from the sooted paper. 

• The specifications of sample volume, filter paper size etc. are well defined. 

2. Hatridge smoke meter : 

• It works on the principle of high extinction. 

• In this meter exhaust sample is passed through tubes of about 0.46 m length which has 
light source at one end and photocell or solar cell at the other end. The amount of light 
passed through this smoke column is used as indication of level of smoke. 

• This type of meter is useful for continuous testing and can be employed in vehicles. 

18.6.4. Control of Smoke 

There is hardly any successful method to control the soot except the engine has to run at 
lower load i.e. derating and maintain the engine at best possible condition. 

The other methods which may be used for the control of smoke are : 

1. Smoke suppress out additives: 

• It has been observed that some barium compounds when added in fuel reduce the tem¬ 
perature of combustion and avoid the soot formation. It is further observed that if the 
soot is formed, the barium compounds break them in very fine particles and reduce the 
smoke. 

• The use of barium sals, however, enhances the deposit formation tendencies of engine and 
reduces the life of the fuel filter . 

2. Fumigation: 

• It is a method of introducing small amount of fuel with the intake manifold. This initiates 
pre-combustion reactions before and during the compression stroke resulting in reduced 
chemical delay (because the intermediate products such as peroxides and aldehydes re¬ 
act more rapidly with oxygen than original hydrocarbons. The shortening in chemical 
delay period curbs thermal cracking which is responsible for f soot formation. 

• Fumigation rate of about 11 to 15% gives the best smoke improvement. 

3. Catalytic mufflers: 

• The use of catalytic mufflers, unlike petrol engine, are not very effective. 

• Much development is needed in such-devices before they can be put to use. 

18.6.5. Diesel Odour and Control 

It has been observed through some experiments that the products of partial oxidation are the 
main cause of odour in diesel exhaust. This partial oxidation may be because of either very lean 
mixtures such as during idling or due to quenching effect. 

Th e following factors affect odour production: 

1. Fuel-air ratio 

2. Engine operation mode 

3. Engine type 

4. Fuel consumption 

5. Odour suppressant additives. 

Control of Odour: 

• Several manufacturers chaim that odour additive compounds can reduce the intensity of 
odour, but it has been found in practice that these additives hardly have any effect on 
odour formation etc. 
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Ine control of odours by usin? catolvaf ; j , 

«.... few “ r,"•»- ««-■ 

18.7. COMPARISON OP GASOLINE AND DIESEL EMISSIONS 

■8. 18.16 .hew, ft. of ,„„ ^ ^ ^ ^ ^ ^ 



x Odour Smoke 

. It il: T t ° f emiSSi0nS and ° d0Ur from and diesel eo^es 

• It is evident from the figure that there ;* , , 

comtmstion of gasoline and diesel engines 3 d ' fference between the products of 

• Whereas gasoline petrol engines havp a , , . 

engines have different emission characterises^ 3 SimiIar eirussion Pattern, all diesel 

Correction factor = 15/(%C0 2 + %CO + %Q 

’ an?: h3V r ery little C0 “ ** exhaust 

18.8. ZERO EMISSION 

saafir- - L -- 

• ecc o~b.ka.ihd d<vlce 

« -ft.. »*<* .. ./ftfto, «*« ft. ft /mTOrf 


J* 
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The comparison between ECC and conventional CC is given in the chart below : 


S. No. 

Electronic Catalytic Converter 

Conventional Exhaust 

Catalytic Converter 

1. 

Used as a pre-engine fuel converter. 

Used as an exhaust converter. 

2. 

Cleans the process of combustion. 

Cleans the exhaust gases. 

3. 

Improves fuel properties for better combustion. 

Does not improve fuel properties. 

4. 

Works with all fuels-diesel, leaded, unleaded 
gasoline, CNG and LPG. 

Does not work with leaded petrol. 

5. 

Decarbonizes the engine combustion chamber 
with use and keeps it clean. 

Does not decarbonize the combustion chamber. 

6. 

Reduces engine noise and improves engine 
smoothness. 

Does not reduce engine noise or engine smooth¬ 
ness. 

7. 

Enhances fuel economy. 

Does not enhance fuel economy. 

8. 

Works on microwave electronics, plasma chem¬ 
istry, particle accelerator principle. 

Works on chemical oxidation and reduction 
principle. 

9. 

No Nobel metal or chemical is used. Fuel flows 
through open-ended pipe, also acting as wave¬ 
guide and particle accelerator. 

Noble metal substrates or chemicals are used. 

10. 

Engine pick up is improved. 

No change in Engine pick up. 

11. 

Same size for all engines, all fuels and cubic 
capacity. 

Different sizes for different engines cubic capac¬ 
ity and different fuels. 

12. 

No warming up time required for cold start 
emission control. 

Warm up time required for cold start emission 
control unless provided with electrical heating 
for the catalyst. 


18.9. AIR POLLUTION FROM GAS TURBINES AND ITS CONTROL 

• The pollution from gas turbines is low as compared to pollution from convention piston 
engines, due to the fact that former operate at much leaner mixture used in the latter, 
and still further, the exhaust is diluted due to the presence of excess air. 

• As compared to S.I. engines, a gas turbine exhaust about 1 to 20% HC, 1 to 10% CO and 
30 to 80% NO x . Besides this exhaust also contains oxides of sulphur, aerosol , smoke 
particles and odourants. 

Control of pollutants emanated from gas turbines : 

• Reduction of CO concentration can be accomplished by using following methods : 

(i) By improving atomisation of fuel. 

( ii ) By redistributing the air flow to bring the primary zone equivalence ratio to an optimum 
value of around 0.85. 

( iii ) By increasing the residence time. 

(iu) By reducing the film cooling air. 

(u) By fuel staging (In this technique supply of fuel is cut-off to some nozzles and diverted to 
the remainder ; it reduces emissions at low power conditions by improving the quality of 
automisation). 

• Reduction of UBHC (unburnt hydrocarbon) requires the same treatment as em¬ 
ployed for reducing CO. 

• Reduction of NO x . The NO x emission increases exponentially as : NO x a(e) 009T , where 
T is reaction temperature in K. 
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The COnCe “ tration ’ itw ^ be to lower the reaction temperature T. | 

the air flowin wL tem £ ( ** tUTe “ d ^ence time are readily accomplished by increasing j 

to reduce HCal NOrs^-vema.^ 1101 ' 011 ° f H ° “ d ^ ThUS made 

~ Joac. N0, l6Vel “ We " "** Sm ° ke l6Veis C3n be reduced t>y providing lean combustion 

18.10. EFFECTS OF ENGINE EMISSIONS ON HUMAN HEALTH 

The effects of different engine emissions on human health are discussed below: 

1. Sulphur dioxide (S0 2 ): 

• I t »Tr n „ lrntant f a ? and the mucous membrane when inhaled. In the presence of 

water vapour it forms sulphurous and sulphuric acids. These acids cause severe 
bronchospasma at very low levels of concentration. 

• Diseases like bronchitis and asthama are aggravated by a high concentration of S0 2 . 

2 . Carbon-monoxide (CO): 

• HZ* K tr T affini , t yj 2 °0 times) for combining with the haemoglobin of the blood to 
the™ lood tSuM m0gl ° bm ' 1,113 reduCeS th ® aWlity of the ha emoglobin to carry oxygen to 

• CO affects the central nervous system. 

• It is also responsible for heart attacks and a high mortality rate. 

3. Oxides of nitrogen (NO^) : 

• These are known to cause occupational diseases. It is estimated that eye and nasal irri- 

larvH^rLf eXp ° 8Ure te about 15 PP-®- of nitrogen oxide, and pulmo¬ 

nary discomfort after brief exposure to 25 p.p.m. of nitrogen oxide. 

• It also aggravates diseases like bronchitis and asthama. 

4. Hydrocarbon vapours: 

• They are primarily irritating. 

• smog are maJ ° r Contributors to e ^ e respiratory irritation caused by photochemical 

5. Compounds of Incomplete combustion : 

Exhaust discharge from IC engines carry compounds ofincomplete combustion (polycyclic 
organic compounds and aliphatic hydrocarbons), which act as carcinogenic agent^and 
are responsible for lungs cancer. 

6. Lead: 

■ sz *” v, ““ "*• 

’ EitSISZT"" " d “■* ■»*”*«• ■■ 

7. Smoke: 

It is visible carbon particles. 

* ratoi^ dis'ease^ 011 ™ 6768 ' UngS ’ and visibili ty reduction. It also causes other respi- 

infants^idto 1 "^5^. * ‘ he effectS ° fexhaust missions is greatest amongst 
infants and the elderly. Those with chronic diseases of lungs or heart are thought to be at great risk. 
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HIGHLIGHTS 


1. Air pollution can be defined as an addition to our atmosphere of any material which will have a delete¬ 
rious effect on life upon our planet. 

2. The major pollutants emitted from the exhaust due to incomplete combustion are : 

CO, HC, NO x and other products e.g. acetylene, aldehydes etc. 

3. CO is generally formed when mixture is rich in fuel. 

4. NO formation will be less in rich mixtures than in lean mixtures. 

5. The chemical correct air-fuel ratio by mass for complete combustion is known as stoichiometric ratio. 

6. The blowby HC emissions are about 20% of the total HC emission from the engine ; this is increased to 
about 30% if the rings are worn. 

7. The following factors affect the formation of NO x : 

(i) A/F ratio ; («) r.p.m.; («*) Angle of advance. 

8. In a poorely maintained engine the exhaust pollution is more. 

9. A catalytic converter is a device which is placed in the vehicle exhaust system to reduce HC and CO by 
oxidising catalyst and NO by reducing catalyst 

10. Rhodium is the best catalyst to control NO x but A/F ratio must be within a narrow range of 14.6.1 to 

14.7:1. ... 

11. The basic principle of crankcase blowby control system is recirculation of vapours back to the intake 

manifold. 

12. Oxides of nitrogen can be controlled by : 

(i) Exhaust gas recirculation; («) Catalyst; (Hi) Water injection. 

13. The working principle of catalytic converter package is to control the emission levels of various pollut¬ 
ants by changing the chemical characteristics of the exhaust gases. 


OBJECTIVE TYPE QUESTIONS 


Fill in the Blanks or Say “Yes” or “NO” : 

1. are produced by incomplete burning of the air-fuel mixture in the combustion chamber. 

2. The major pollutants emitted from the exhaust due to incomplete combustion are : . 

3. If the combustion is complete, the only products being expelled from the exhaust would be water vapour 
and carbondioxide. 

4. CO is a colourless and.gas. 

5. CO has about the same density as air. 

6. CO is generally formed when the mixture is.in fuel. 

7. Solid particles are usually formed by dehydrogenation, polymerisation and agglomeration. 

8. At heavy loads, due to lack of oxygen, a decrease in aldehyde emission is observed. 

9. The NO formation is more in rich mixture than in lean mixtures. 

10. The chemically correct air-fuel ratio by mass for complete combustion is known as.ratio. 

11. Oxides of nitrogen products formed during combustion are very low at 100 p.p.m. with a rich air-fuel 
ratio of 11:1‘. 

12. The three main sources from which pollutants are emitted from the S.I. engines are: The crankcase, the 

fuel system and the.system. 

13. Piston blow-by_with engine speed. 

14. Evaporative emissions account for 15 to 25% of total hydrocarbon emission from a gasoline engine. 

15. The two main sources of evaporative emissions are : The tank and the. 

16. The emission of HC in exhaust is decreased with an increase in compression ratio. 

17. The percentage of C0 2 decreases during engine idling but increases with speed. 
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33. 
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[: 

34. 



35. 

i 

36. 


internal combustion engines 

CO emissions are lowest during acceleration and at steady speeds' 

Oxides of nitrogen occur mainly in the form of NO mo j 

ture. y ne iorm of NO and NO, and are generally formed at higher tempera- 

The formation of NO, is affected by the factor : A/F ratio R p m • 

NO, increases with increasing manifold pressure engine load and 'eon * • ■ 

Lead emissions come only from.engines. ’ englne load and compression ratio. 

Under high speed conditions, exhaust HC concentn.fi,>,,. i ... 

In a poorly maintained engine the exhaust pollution is more' " Wgh ' 

Lower compreesion increases thermal efficiency and reduces fuel consumption 
I are "7 dua *» loweria g of maximum combustion temjLatures 

help of ignition r system Urner " * “ SUPpUed 10 the gases and mixture is burnt with the 

potential emission reducing characteristics and r^“ d ffiel Zfump^ “ 8 ^ fadk * ta > ^ 
manifofd Pn ” C ' P,e ° f CTankCaSe bl ° Wby ™ ^» -circulation of vapours back to the intake 

S-r 7 te ^"7 by : Exhaus ‘ 1- recirculation ; catalyst;. 

appreciable oxidation ofCO andHc”** “ deSlgned to P-vide adequate residence time for allowing 

theemiSSi0nlCTelS ° fVari ° USP ° 1Iutants by chan ^ 
The quantity of soot formed depends upon the Inml eva , 

ratio. P suspended in the exhaust gas and depends largely upon A/F 

jj 

40 .' beCaUSe ° f af combustion. 


1. 

6 . 

11 . 

16. 

20 . 

25. 

30. 

35. 

40. 


Pollutants 
rich 
Yes 
Yes 


answers 


2. CO, HC, NO x 
7. Yes 
12. exhaust 
17. No 


angle of advance 21. Yes 

No 26. Yes 

^ es 31. Water injection 

Black-white 36. Black 

increases. 


3. Yes 
8, No 

13. increases 
18. Yes 
22. S.I. 

27. Yes 
32. Yes 
37. Yes 


4. poisonous 
9. No 
14. Yes 
19. Yes 
23. Yes 
28. Rhodium 


33. Catalytic converter 34. Yes 
38. Smoke 39 , Yes 


5. Yes 

10 . stoichiometric 
15. carburettor 

24. Yes 
29. Yes 


theoretical questions I 

1. What do you mean by “Air pollution” ? ~~ ~~ 

3 ' Zll TT maiD T CeS 0f pollutanta from gasoline/petrol engine ? 
3- What are the mam pollutants emitted by petrol engine ? 
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4. State the mechanism of formation of CO. 

5. How are hydrocarbons (HC) formed ? 

6. Explain briefly the mechanism of formation of nitric oxide (NO). 

7. What are the effects of the following factors on the exhaust emission ? 

(«) Air fuel ratio ; («) Surface v0 , ume ratio . 

(iii) Engine speed. 

8. Explain briefly the various sources from which pollutants are emitted from S.I. engine. 

9. Define the crankcase blowby and explain how it can be controlled. \ 

10 . Discuss briefly the following with regard to S.I. Engines : 

(i) Crankcase emission (ii) Evaporative emission 

(iii) Exhaust emission. ■ 

“• J7ZZ the S0UrCeS of HC formation in Petrol engine ? Explain different factors which affect HC 

12. Explain briefly the factors which affect the formation of NO . 

13. What are the sources of HC formation in petrol engine ? Explain various factors which affect the HC 
lormation. 

14. What are the sources of evaporative emission in petrol engines ? How can it be controlled ? 

15. What do you mean by crankcase blowby ? How can it be controlled. 

16. Explain briefly various methods by which S.I. engine emission can be controlled. 

17. Explain in detail any two of the following methods of S.I. engine emission control : 

(i) Modification in the engine design and operating parameters. 

(«) Treatment of exhaust products of combustion. 1 

(mi) Modification of the fuels. 

18. Describe with sketches the following methods .of petrol exhaust emission control: 

(i) After-burner («) Exhaust manifold reactor 

(iii) Catalytic converter system. 

19. Explain briefly the exhaust gas recirculation (EGR) device for the control of NO,. 

20. What do you mean by “Total emission control packages” ? Describe with neat sketches two types of total 
emission control packages. 

21. Explain briefly the following : 

(i) Three-way catalytic converter ( ii ) Two-way catalytic converter 

(iii) Noble metal catalytic converter. 

22. Explain briefly the “evaporation emission control device (EECD)”. 

23. Discuss the emissions from diesel engines. On what factors these emissions depend ? 

24. Define ‘smoke’ and discuss different factors which affect smoke formation in C.I. engines 

25. What is the cause of diesel smoke ? Discuss the ways by which diesel smoke can be controlled. 

26. What is the mechanism of smoke formation ? 

27. How can the smoke intensity be measured ? 

28. Describe two important types of smoke meters. 

29. Explain the effect of engine load on diesel engine smoke. 

30. What is diesel odour ? Explain the effect of different factors on the formation of odour in C.I. engines. 

31. How odour can be controlled ? 

32. Compare the diesel engine and gasoline engine emissions. 

33. Discuss the air pollution from gas turbines and compare its with emissions from petrol engines. 

34 verier” 6 COmparison between “electronic catalytic converter” and “conventional exhaust catalytic con- 

35. Discuss the effects of emissions on human health. 
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Miscellaneous Engines 


19.1. Dual-fuel and multi-fuel engines—Dual-fuel engines—Multi-fuel engines. 19.2. Stratified 
charge engine—Introduction—Classification—Advantages and disadvantages of stratefied 
charge engines. 19.3. Stirling engine—Stirling cycle—Working principle of Stirling engine— 
Differences between carnot and Stirling engines —Engine geometry and driving mechanism. 
19.4. The Wankel rotary combustion (RC) engine—Introduction—Construction and working— 
Features—Constructional and other details of wankel engine—Performance of wankel engine— 
Advantages and applications of rotary combustion engines—Why wankel rotary engine could 
not become successful. 19.5. Variable compression ratio/VCR engines—Introduction—Methods 
to obtain variable compression ratio—Analysis of VCR engine—Performance of VCR engine. 
19.6. Free-piston engine plant—Highlights—Objective Type Questions—Theoretical Questions. 


19.1. DUAL-FUEL AND MULTI-FUEL ENGINES 

19.1.1. Dual-Fuel Engines 

19.1.1.1. Introduction 

• Owing to various technical and financial reasons, some engines are designed to operate, 
using a combination of two fuels. For instance, in some third-world countries dual-fuel 
engines are used because of high cost of diesel fuel. 

• Large C.I. engines are run on a combination of methane and diesel oil. Methane is the 

main fuel because it is more cheaply available. However, methane is not a good C.I. fuel 
by itself because it does not readily self-ignite (due to its high octane number). A small 
amount of diesel oil is injected at the proper cycle time. This ignites in a normal manner , 
and initiates combustion in the methane-air mixture filling the cylinder. '■ 

• On these type of engines, combination of fuel input system are needed. i 

• Duel-fuel operation combines in a simple manner the possibility of operating a diesel en- } 
gine on liquid fuels such as diesel oil or gas oil and on gaseous fuels such as natural gas, •- 
sewage gas and cook oven gas etc. 

— The engine can be switched from dual-fuel operation almost instantaneously in case 
of emergency. 

19.1.1.2. Working of Dual-fuel Engine l 

Fig. 19.1 shows a diesel engine with necessary modifications, which it requires when it works . 
on duel-fuel: ] 

The working of a dual-fuel engine, which works on a diesel cycle, is given below : | 

• The mixtur&of air and gaseous fuel is compressed in the cylinder similar to air compression 1 
in diesel engine. 

• A small amount of liquid fuel, (diesel fuel), called pilot fuel or the secondary fuel (5 to 7% j 
of the fuel at full load) is injected near T.D.C., irrespective of load on the engine. This J 
pilot injection acts as a source of ignition. The gas-air mixture in the vicinity of injected i 
spray ignites at number of places establishing a number of flame-front and combustion | 
continues rapidly and smoothly. (In a 4-stroke cycle engine the gas is supplied in the 
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intake manifold where it mixes with the incoming air to form a homogeneous mixture. In 
2-stroke cycle engines the gas may be injected at low pressures, from 1.5 to 3.5 bar, 
directly into the combustion chamber after the closure of the exhaust ports). It is 
interesting to note that in the duel fuel engine, the combustion starts similar to C.I. 
engine but it propagates by flame similar to S.I. engine. 


Gas header 


Gas 
admission 
valve 



To automatic gas 
,nplever shut off valve 

Overspeed and 
low fuel oil 
pressure shut 
Vo fuel oil* off cylinder 
control cam 

To gas 
governing 
valve 


Governor 


’ Fuel oil 
pump 


Fig. 19.1. Dual-fuel engine. 

• The engine output (power ) is generally controlled by altering the amount of primary 
gaseous fuel added to inlet manifold (the pilot oil quantity is usually kept constant). 

• This type of engine is capable of running on either gas or diesel oil or a combination of 
these two over a wide range of temperature ratios. 

• Fig. 19.2 shows thep-0 diagram for a duel-fuel engine working on different fuels (change 
from one fuel to another being quite smooth). 



Fig. 19.2. Typical p-0 diagram for a dual-fuel engine. 
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19.1.1.3. Factors affecting combustion in a dual-fuel engine : 

The following factors affect combustion in duel-fuel engine • 

1. Pilot fuel quantity 2. Injection timing 

3. Cetane number of pilot-fuel 4. Inlet temperature 

5- Type of gaseous fuels 6 . throttling 

7. Mixture strength. 

Ths.fce of these factors on oamboction in , dlleiJM ,„£« dl „, !0d Wow . 

i 

1 3. Centane number of pilot fuel: 

output fu . el f use t d de , Cides amply the knock-limited 

position during the compTsLs m the e-^e u 0fnatural «“> does not undergo decom- 

/fc* cyh^r fe* gas/a. «"* 

greatly. When throttlin B *• ^ d in duel-fuel unit maximum cylinder pressure reduces 

idly and fte^n nXa^y.““ red “- "*► 

ignition. m mix ture strength leads to failure of 

• Fig. 19.3 shows thep-D diagrams for normal burning and knocking for duel-fuel engines. 




(a) Non-knocking (6) Knocking 

Fig. 19.3. Typical p-9 diagrams for a dual-fuel engine. 

~ pressure oscillations during expansion are high and similar to S I engine knock 
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The knock tendency of the engine can be reduced by supplying excess air with low 
initial temperature and by using the antiknock additive (e.g. tetramethyl lead). 

19.1.1.4. Performance of dual-fuel engines 

• Fig. 19.4 shows the relative performance of dual-fuel engines. 



Fig. 19.4. Comparison of performance of dual-fuel engine with other engines. 

At part load conditions, in case of duel-fuel engine, the thermal efficiency is low 
(38.5% against 40% of diesel engine) and specific fuel consumption high because of 
increased delay periods at weak mixture of air and gas. This requires either adjust¬ 
ment of mixture strength or injecting more pilot fuel at part loads. 

At full load, duel-fuel engine is superior to diesel engine since the gaseous fuel fills all 
parts of the combustion chamber and allows more air to take part in the combustion. 

19.1.1.5. Advantages and applications of dual-fuel engines 

Advantages: 

1. A duel-fuel engine can run on either of the fuel and diesel requirement is hardly 5 percent 
if it runs on gas. 

2. Reduced pollution. 

3. It is preferred when cheap gas is easily available. 

4. Owing to clean combustion in the engine the wear and tear of the engine as well as con¬ 
sumption of lubricating oil are reduced. 

5. The engine s utility is considerably increased due to the possibility of instantaneous change 
over from gas to diesel and vice-versa. 

6. Best suited for low pressure liquified gas (LPG) which evaporates very easily. 

7. Very attractive power generation system because of its greater flexibility of operation 
compared with conventional diesel engines. 

Applications : 

1. A typical use of duel-fuel engine is to produce synthetic gas (mixture of CO and H 2 ) by 
burning CH 4 and simultaneously developing power. 

2. A lot of conventional fuel can be saved by using duel-fuel engines particularly for irriga¬ 
tion purposes. 
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19.1.2. Multi-fuel Engines 

19.1.2.1. Introduction 

A multi-fuel engine is one which can operate satisfactorily (with substantially unchanged 
performance and efficiency) on a wide variety of fuels ranging from diesel oil, crude oil, IP-4 to lighter 
fuel like gasoline, and even normal lubricating oil The use of low ignition quality fuels require 
higher compression ratio for burning, therefore, diesel engines are prefered to use multi-fuels in the 

engine. 

19.1.2.2. Requirements of a multi-fuel engine 

The following requirements must be met with by a multi-fuel engine : 

1. Good combustion efficiency and minimum heat losses from the engine. 

2. In view of low ignition quality of petrol, the temperature of the combustion chamber should 
be comparatively higher. 

3. The engine must be able to start under sub-zero conditions without any external aid. 

4. The engine must have low exhaust smoke and low noise levels. 

In order to meet with the above requirements, the following design features of the engine 
need be considered : 

(i) High compression ratio 

{ii) Large stroke / bore ratio 

(Hi) Open combustion chamber 

(£u) Injection pump. 

19.1.2.3. Difficulties associated with multi-fuel operation 

The multi-fuel operation entails the following difficulties : 

1. Tendency of vapour lock in the fuel pump while using lighter fuels. 

2. Tendency of increased wear in the fuel pump due to lower lubricity of gasoline. 

3. In view of differences in heating values and compressibility of fuels, different volumes (of j 
fuels) need be injected. 

19.1.2.4. Performance of multi-fuel engine 

• Fig. 19.5 shows the performance of multi-fuel engine. 
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_ xhe engine output is 15 to 20 percent less with petrol as fuel compared with diesel oil at 

higher speed. The difference is less in lower speeds. 

_ The b.s.f.c. (brake specific fuel consumption) for petrol engine is also higher at lower 

speed compared with diesel fuel. The difference narrows down at higher speeds. 

19.2. STRATIFIED CHARGE ENGINE 

19.2.1. Introduction 

• The stratified charge engine is usually defined as a S.I. engine (stratified diesel en¬ 
gine has also been developed) in which the mixture in the zone of spark plug is very much 
richer than that in the rest of the combustion chamber i.eorie which burns leaner overall 
fuel-air mixtures. 

_ Charge stratification means providing different fuel-air mixture strengths at vari¬ 
ous places in the combustion chamber. 

• Whereas several S.I. engines are designed to have a homogeneous air-fuel mixture 
throughout the combustion chamber, some modern stratified charge engines are designed 
to have a different air-fuel ratio at different locations within the combustion chamber. A 
rich mixture that ignites readily is desired around the spark plug, while the major volume 
of the combustion chamber is filled with a very lean mixture that gives good fuel economy. 
Special intake systems are necessary to supply'this non-homogeneous mixture combina¬ 
tion of multiple valves and multiple fuel injectors, alongwith flexible valve and injection 
timing are used to accomplish the desired results. 

• Some stratified charge S.I. engines are operated with no throttle, which raises the volu¬ 
metric efficiency. Speed is controlled by proper timing and quantity of fuel input. 

• The stratified charge engine combines the advantages of both patrol engines (very good 
full load power characteristics e.g. high degree of air utilisation, high speed and flexibil¬ 
ity) and diesel engines (good part-load characteristics) and at the same time avoids as far 
as possible their disadvantages. 

The following are the advantages of burning overall fuel-air mixtures : 

( i ) Higher thermodynamic efficiency. 

(ii) Reduced air pollution. 

19.2.2. Classification 

According to the method of formation of the heterogeneous mixture in the combustion cham¬ 
ber, the stratified charge engines can be classified as follows : 

I. Those using fuel injection and positive ignition (including swirl stratified charge 
engines ) 

(а) Stratification by fuel injection and positive ignition : 

1. Ricardo system 

2. Pre-chamber stratified charge engine 

3. Volkswagon PCI stratified charge engine 

4. Broderson method of stratification. 

(б) Swirl stratified charge engine : 

1. Witzby swirl stratification process 

2. Texaco combustion process (TCP) 

3. Ford combustion process (FCP) 

4. Ford PROCO 

5. Deutz combustion process (AD-process). 


; | 
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II. Stratification by carburetion alone 

1. Russian stratified charge concept. 

2. Institute Francias Du Petrols (IFP) process. 

3. Honda CVCC (Compound Vertex Controlled Conibustion) engine 
Here we shall discuss in detail only Texaco combustion process (TCP). 

Texaco combustion process: 

are givjbeToJ ^ pr ° blems “ d areas * P—tU weaknesses, these 

cause knock. Therefor^! fuelof beC ° me highly reactive ' and 5t ma k 

(IU) Throttling as a means of controlling output induces a pumping loss 
(to) Flame quenching at the walls adds to air pollution 

has bej^developed.^ 656 Weakllesses (and hopefully without a d ding others) stratified charged engine 

• The Texaco conibustion process (TCP) is illustrate in * r™. 

ented by Texas company (USA) in 1949 lllUStrated ln Flg ' 19 ‘ 6 - Thls s y stem was pat- 



Fig. 19.6. Barber’s Texaco combustion process 

This system entails the following advantages • 

j 
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(iii) The inherent knock resistance of TCP allows the use of higher compression ratio or 
turbocharging without imposing any octane requirement. 

( iv ) The lean overall mixture can be used. 

(u) Low exhaust smoke. 

• TCP system has proved very versatile as regards multi-fuel requirements and are used 
in military vehicle engines. 

19.2.3. Advantages and Disadvantages of Stratified Charge Engkies 

The advantages and disadvantages of stratified charged engines are listed below : 

Advantages: 

1. Compact, lightweight design and good fuel economy. 

2. Good part-load efficiency. 

3. Exhibit multi-fuel capability. 

4. The rich mixture near the spark plug and lean mixture near the piston surface provides 
cushioning to the explosive combustion. 

5. Resist the knocking and provide smooth combustion resulting in smooth and quiet engine 
operation over the entire speed and load range. 

6. Low level of exhaust emissions ; NO x is reduced considerably. 

7. Usually no starting problem. 

8. Can tolerate wide quality of fuels. 

9. Can be manufactured by the existing technology. 

Disadvantages: 

1. For a given engine size, charge stratification results in reduced power , 

2. These engines create high noise level at low load conditions. 

3. More complex design to supply rich and lean mixture, and quantity is varied with load on 
the engine. 

4. Higher weight than that of a conventional engine. 

5. Unthrottled stratified charge engines emit high percentage of HC (due to either incom¬ 
plete combustion of lean charge or occasional misfire of the charge at part load conditions. 

6. Reliability is yet to be well established. 

7. Higher manufacturing cost, 

19.3. STIRLING ENGINE 

19.3.1. Stirling Cycle. Please refer Art 3.11. 

The Stirling cycle is superior to the Carnot cycle because of the following reasons : 

1. The Stirling cycle is practicable, whereas the Carnot cycle cannot be realised in practice due 
to wide variation in speed during a cycle (alternately very high for'adiabatic and very slow for the 
isothermal part of the cycle). 

2. The workoutput per cycle and m.e.p. of Stirling cycle are high. The Carnot cycle needs a very 
long stroke and produces a very narrow strip of work giving a low m.e.p. 

19.3.2. Working Principle of Stirling Engine 

The basic principle of working of Stirling engine is the same as that of conventional engine. 
he alternate compression at low temperature arid expansion at high temperature of a working fluid 
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is the basis for the Stirling engine. However, the working fluid is heated in a radically different ’ 
manner. It burns fuel outside the engine itself, and continuously. 

The following features distinguish the Stirling engine from other heat engines : 

• , THe f and foel m externall y burned and the heat generated is transferred to the work -} 

dosedcydT y ^ ^ ** ° ther SUitable ga§) of stirlin & eng™ where the working fluid works in a j 

2. The cyclic flow of working fluid within the engine is achieved solely through geometric j 

volume changes, and without the use of intermittently closed valves or ports. J 

3. An intermittent flow heat exchanger stores a large portion of the heat of the working fluid! 
after expansmn and subsequently returns it to the working fluid after compression, thereby accom-i 
pushing thermal regeneration. 

Fuel used for Stirling engine : 

Since the Stirling engine is an external combustion engine , it possesses multi-fuel capacity It 4 
can use any petroleum fraction such as gasoline, diesel, methanol-gasoline blends, etc., with no oc- 

*• h “ — a* ——* 

19.3.3. Differences between Carnot and Stirling Engines 

The differences between Carnot and Stirling engines are given below : 


S. No. 

Carnot Engine 

1 . . 

Its cycle consists of two isentropic and two 
isothermal processes. 

2. 

No heat is supplied during isentropic process. 

3. 

For its operation only one piston-cylinder is 
required. 

4. 

The cycle is not practicable as alternately the 
isothermal and isentropic processes are to be 
slow and fast respectively. The cycle is of aca¬ 
demic importance only. 

5. 

It requires a very long stroke, and produces, 
a very low m.e.p., due to a narrow indicator 
diagram. 


Stirling Engine 


Its cycle consists of two isothermal and two con¬ 
stant volume processes. 

Regenerative heat exchange takes place during 
constant volume processes. This is an ideal cycle 
and the net heat flow to the working fluid is zero 
in the constant volume processes, or the net effect 
of these processes is adiabatic. 

For its operation two cylinder piston are required 
(the displacer piston and the power piston). 

The cycle is practicable , as all the processes are 
performed at the same speed. Engines working on 
Stirling cycle have been in existence. 

It does not require a long stroke, and hence the 
m.e.p. is relatively quite high. 


19.3.4. Engine Geometry and Driving mechanism 

The following are the three basic configurations/arrangements of engine layout: 

Type 1 : Two Separate cylinders, cold and hot sides of the engine, each with working piston- 

Two piston mechanism. 

Type 2 : A Single cylinder with two pistons, one is the working piston and other is a displacer- 

1 wo piston engine. 

Type 3 : Two cylinders with a working piston in the cooled cylinder and displacer piston with | 
the heated cylinder —Piston displacer engine. 
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19.3.4.1. Two piston mechanism 

Fig. 19.7 shows the arrangement of the system. The whole mechanism can be divided into 
two systems : 

(r) The displacer system ; (ii) The power system. 

— The function of the displacer system is to heat and cool the working fluid. 

— The function of the power system is to obtain the power during expansion and supply 
power during compression. 



Fig. 19.7. Two piston mechanism. 

The total working volume (V,) is given by : 

V t = V + V + V. 

teed, 

where, V e = Volume of expansion space, 

V c - Volume of compression space, 

V d as Volume of regenerator, heater, cooler and connecting tubes. 

This total volume undergoes changes due to the motion of the two piston. 

When the crank rotates through one revolution, the following processes take place : 

1. The working fluid is passed from hot space to the cold space via heater, regenerator and 
cooler. This is accomplished by phasing the two pistons such that there will be small change in the 
total working volume. Thus, the heat associated with the working fluid is passed on to the regenera¬ 
tor at almost constant volume. 

2. The working fluid is compressed when it is mainly within the cold space and the cooler. 

3. After the working fluid undergoes compression, it is passed from the cold space to hot space 
through the cooler, regenerator and heater. During this operation the heat of the regenerator is 
transferred back to the working fluid at constant volume. 

4. The working fluid being located mainly within hot space and the heater, an expansion 
takes place thereby producing work output. 

— In this system, these four processes are not distinct and separate but overlap each other, 
whereas in an ideal cycle the heat is rejected and received at constant volume and the 
compression and expansion occur isothermally. 

— So long as the compression and expansion are isothermal and regeneration is effective, 
the thermal efficiency of the engine is least affected with the variation of total volume 

(V ( ). 
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19.3.4.2. Two piston engine 

• Fig. 19 8 shows a new arrangement (the arrangement discussed earlier in Art 19 3 4 1 
IS unsuitable for higher capacity engines) of a double acting suitable fo Thigh Zacil 

X^iStre™ ° f ^ W ° rklng ^ « Side -panics 



Fig. 19.8. Two-piston double-acting in-line 4-cylinder Stirling engine. 

“ SS-TiSXS'" <bol ' p ■" , “ d b “” ■>*» '■ 

~ to tta " ,d “ ,ih * -“■« *«-- 

- The pistons move with a suitable phase shift (90" for 4-cylinder engine) 

* lhrnZiZu raWb r k 0f SUCh an engine U greater in obtaining a uniform flow 

through the cooler, regenerator and heater. In view of greater aTrodynamk and 

' SSXT C ° mP Xltl6S mV ° lved this engine is m ore difficult to be optimised for 

19.3.4.3. Piston displacer engine' 

. The piston displace engine consists of a cylinder into which two pistons-one is known as 
displacer piston and other power piston. The cylinder of displacer piston is divided into 
X P “ (ex P ansl ° n) a «d cold space (compression). The displacer piston reciprocates 

3£ £2 S3: SS&&Z3 wh “' ,h ‘ — 5- ~‘“ : 

pistons ThUS ’ the WOrklng ° f Stirling engine iS COmplete 'y goveraed by relative motion of these two 

19.3.4.4. Advantages and disadvantages 

tional ““nt^ a<JVantageS ^ diSadvantages of a Stirling engines vis-a-vis conven- 

Advantages: 

1. Since it is an external combustion engine, it possesses multi-fuel capability. 

. Owing to rhombic drive (this mechanism consists of two crankshafts rotating in opposite 
directions, each having a crank on it; two synchronising gears are used to time rt, “ 
crankshafts which in turn drive the output shaft), it is a perfectly balanced engine. ^ 


Visit: www.Civildatas.com 


£ .MISCELLANEOUS ENGINES 


4 Parti!"T 5 ' emLSSl ° n , WUe *° ° Vera1116311 miXtUr6S and exhaust «« circulation). 

4. Fart load efficiency considerably higher. 

5. The engine can be safely overloaded for a brief period. 

6. Higher thermal efficiency (Typical value is 45% at 100 bar and 300°C). 

. Noise-free engine (because combustion takes place outside the engine) 

' burnerX (teCaUSe “ depends onI ? « ignition of fuel in the 

9 ' t“on)s!n!en«n riety ° fap f Cat ‘ ons <«■ Automobiles, ship propulsion or power genera- 
ofspeed^ ^ S ^ lr ea ^ ,ne bas almost constant torque characteristics over die entire range 

10. No lubricating oil required (the use of rollsock seal has eliminated the use of lubricating 

Disadvantages : 

« e ! leine deUgn (due t0 rhomb ic drive, regenerator, heater and cooler) 

f ™y uires large quantity of cooling water and bigger radiator 

• The major disadvantage of a Stirling engine is its high cost. 

19.3.4.5. Comparison between Stirling Engine and I.C. engine 


S. No. 

Aspects 

I.C. engine 

Stirling Engine 

1. 

2 . 

Fuel addition 

Valve or ports 

Atomised fuel is added in air, 
either before or after compression. 

Continuous combustion takes place in 
combustion chamber and energy is 
transferred into or out of engine 
through an heat exchanger. 

Valves or ports required. 

Valves or ports (for induction or ex¬ 
haust) not required since the gas 






charge remains permanently inside 

3. 

Speed variation 

Achieved by controlling the 
amount of fuel injected or the 
quantity of mixture. 

the engine only. 

Achieved by changing the mass of 
working gas within the engine. 

4. 

5. 

Heat rejection 

Noise 

Achieved by high temperature 
exhaust. 

Achieved through heat exchanger and 
hence it requires large cooling system. 

Noisy (due to presence of valves 
and periodic explosion). 

Noiseless, smooth working. 

6 . 

Cooling system 

Sealing of cooling of system not 
absolutely essential. 

Should be perfectly sealed. 

7. 

Sealing 

The sealing can be done by the use 
of oil. 

This engine does not use oils since it 
will cause contamination of the work¬ 
ing fluid. 
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19.4. THE WANKEL ROTARY COMBUSTION (RC) ENGINE 

19.4.1. Introduction 

• Scheffel in 1952, to get a patent for rotary engine , utilised the principle that oval or 
elliptical rotors can he designed to maintain contact, while turning about fixed centres, 
and that three or more rotors can be run to enclose between them a continuously varying 
volume. The four volumes between the rotors, with the suitable arrangement of ports, 
ignition system and adequate compression ratio, could be made to execute a four-phase 
otto cycle. However, this design failed due to its complexity and great difficulties/prob- 
lems involved in its manufacture. 

• Felia Wankel (German inventor), in 1954, got a patent for design of four-phase rotary 
engine working on the otto cycle principle. 

• Later Dr. Froede made certain modifications and an engine was developed, called as 
KKM (Kreiskolben motor); now popularly known as Wankel Rotating Combustion (RC) 
engine. 

19.4.2. Construction and Working 

Construction. Refer Fig. 19.9. It consists of the following parts : 

(i) Rotor (Three lobed). 

( ii ) Eccentric or output shaft with its integral eccentric. No connecting rod is required as 
the rotor rotates directly on the eccentric shaft. The output torque is transmitted to the shaft through 
eccentric. 

(Hi) Internal and external timing gears. They maintain the phase relationship between 
the rotation of the rotor and the eccentric shaft and eventually control the orbital motion of the rotor . 

Working: 

• The Wankel engine works on the four-phase principle. 

(The word phase corresponds to stroke of the reciprocating engine) 


Induction 

Three JqL 
lobed 
rotor 


Compression 



Ignition 


Expansion and 
exhaust 


Fig. 19.9. The Wankel engine. 
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• The engine having three lobed rotor is driven eccentrically in a casing in such a way that 
there are three separate volumes trapped between the rotor and the casing. These three 
volumes perform m \induction” “compression”, “combustion”, “expansion” and “ exhaust ” 
processes in sequences . There are three power impulses for each revolution of the rotor, 
and since the eccentric or output shaft rotates at three times the speed of the rotor, there 
is only one power impulse for each revolution of the output shaft of a single bank rotary 
engine. 

One complete thermodynamic cycle is completed over 360° rotation of the rotor ; the suction 
phase takes 90° of rotor movement and so the also other three phases. One thermodynamic phase is 
completed every 270 rotation of the output shaft, since the output shaft makes three revolution for 
every single rotation of the rotor. 

19.4.3. Features 

1. Simple construction, less mechanical loss, smooth motion and does not require a cranking 
mechanism. 

2. Good power volume ratio. 

3. No reciprocating parts and hence no balancing problem and complicated engine vibrations 
eliminated. 

4* Due to the absence of intake-exhaust valve mechanism, the correct timings for opening and 
closing (the ports) can be maintained even at high speeds. 

5. Low torque fluctuation . 

There are problems in the design, notabty of sealing and of heat transfer but these have been 
overcome sufficiently well for spark ignition engine to be marketed. 

19.4.4. Constructional and Other Details of Wankel Engine 

1. Rotor housing and housing materials : 

• Rotor are generally made from high-grade malleable spheroidal graphite iron. 

• The rotor housing is an aluminium silicon alloy, bonded to the cylinder-bore walls in 
thin sheet metal, the outer surfaces of which have a saw-tooth finish to improve adhe¬ 
sion and thermal conductivity. This lining is then given a hard chromium vanadium 
plating, which in turn is plated with more chrome but in a thin, porous and oil retaining 
layer. End and intermediate rotor housings are made from implated high silicon alu¬ 
minium alloy. 

• Apex and side seal blades can be made from cast-iron but the more popular types are 
made from hard carbon material. 

• Both the leaf and washer springs can be made from beryllium copper, which has the 
ability to retain its elasticity when operating under working temperatures. 

2. Rotor seals: 

The planetary motion of the rotor within the epitrochoid bore of the rotor housing is de¬ 
signed to maintain a contact between the triangular corner of the rotor and the cylinder 
walls. Peripheral radial corner blades, known as the apex seals, are necessary to prevent 
gas leakage between the three cylinder spaces created by the three-sided rotor. Simi¬ 
larly , side seals between the flat rotor sides and the end and intermediate housing side 
walls are essential to stop engine oil reaching the cylinders, and gas from combustion 
escaping into the eccentric output shaft region. 

The gas-tight sealing between the rotor and housing may be considered in'terms of pri¬ 
mary and secondary sealing areas. 

* P r i mar y sealing areas are those between the sealing elements (apex and side 

blades) and the cylinder housing bore and side walls. 
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- The secondary sealing areas are those between the sealing elements and grooves 

plots and trunnion counter bores. , E es > ; 

— The total sealed system around the rotor is known as a sealed grid jj 

. In order to ensure minimum leakage at each rotor apex, slotted cylindrical trunnion block A 

are oounter-sunk on both sides of the rotor at each rotor corner, the object being to pro ] 

£ *, zLp°" e " ““ K p,lh “ **'“• —■*» -»■»“ *i. «p«x L Sj 

3 . Combustion and spark-plug location: 1 

* I/t! mPr0Ve T! ,n ;° mb r ti0n pr0cess can generally be made by installing two spark 1 
tbncCmber leadc0mbustwn Space andlh * other in the trailing region of the combusA 

A tilting or rocking action takes place when the rotor is near the T D r „ , , 1 

“ 1 

portion of the chamber, better starting and idle running is obtained. § 1 

Triangular J 



jacket 


combustion 

chamber 


Fig 19.10. Wankel engine-sectioned view. 

' b,ft ?L h r7 hi f {1 e<HcienCy U is necessar y ‘0 have rapid combustion and pressure rise 
but the backward flame propagation of the burning gases in the chamber is opposed by 
the forward movement of the gases as they are swept around with the rotor which in 

performance.^° Wn ^ ^ ° f a " d does not give’opUmum 
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• Efficient combustion is produced by having a very advanced timing, this can be partially 
achieved by positioning a spark-plug in the trailing region of the bore wall as far as possi¬ 
ble from the waist or minor axis of the epitrochoid wall profile. 

4. Cooling system: 

• The engine block is made up of the following five separate section housings : 

— The front and rear end housings ; 

— Two rotor bore housings ; \ 

• — Intermediate housing. 

All of the above housings are clamped together by bolts. 

• Coolant circulation is provided around the bore walls by axial passages cast into each 
housing section, while the side walls of the twin cylinders are cooled by extended coolant 

passages adjacent to the side walls cast in both the end covers and the intermediate hous- 
mg. 

Clearance and Swept Volume, Compression Ratio, Engine Displacement Capacity 

1. Clearance and swept volume : 

► V ° lume h as the volume created between the curved chamber 

wre flat side walls and one of the rotor flanks when in the nearest-approach position (T.D.C.) adja- 
,ent to the waisted portion of the epitrochoid bore. 

- , Tha S n W ®f V °' Ume W * the difference of the maximum volume to which the chamber 
expands (B.D.C.) as the rotor revolves and the minimum volume of the combustion chamber at the 
point of greatest compression (T.D.C.) It may be given by the following : 

V s =3j3RWe 

where, R = Radius of rotor from its centre to one of the apex tips (cm), 

W = Width of the rotor (cm), and 

e = Distance between the axes of the output shaft and eccentric lobe, known as the 
eccentricity (cm). 

2. Compression ratio: 

The Compression ratio (r), will be the conventional formula, as follows : 

r + K 

(where V s and V c are the swept volume and clearance volume respectively, in cm) 
(3j3RWe)+V r 


3. Engine displacement capacity : 

cnmnl f a . ) Vankel angine there are ^ree power strokes per rotor revolution, and the output shaft 
ompletes three revolutions for every one revolution of the rotor. Therefore, there is one power stroke 

stroke / n ° f f e ° utput shaft - Thls > therefore, can be seen to be equivalent to a two-cylinder four- 

a two WhlCh aS ? has a P °" er Stroke every cranks haft revolution. Because of this reasoning 

o-chamber swept volume equivalence is generally recognized. 

Plied) T !’; e displaCen T t Capadty ^ is therefore twice the swept volume of a single chamber multi- 
puea by the number of rotors ; that is 
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V 4 *2V a n 

where, V s = Swept volume, and 
n = Number of rotors. 

19.4.5. Performance of Wankel Engine 

1. Power and specific fuel combustion : 

Fig. 19.11 shows the effect of the speed on the power output and specific fuel consumption for 

I.C. engine (conventional) and Wankel engine. 



Q- 

E 
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Fig. 19.11 

— The power of Wankel engine, as compared with conventional I.C. engine, increases 
rapidly. 

— The frictional losses of Wankel engine, with increase in speed, are less than I.C. 
engines (conventional). 

— The specific fuel consumption of wankel engine is higher than I.C. engines (conven¬ 
tional). 

2. Brake thermal efficiency : 

• The thermal efficiency of Wankel engine is less than the conventional I.C. engine since 
the cooling loss is more. 

• The thermal efficiency can be increased by creating squish flow by providing recess in the 
rotor. 

3. Exhaust emission. Fig. 19.12 shows the emission of HC, CO and NO x from Wankel engine . 
(engine speed being 1450 r.p.m.) taking A/F ratio as variable. 

— The presence of unburnt HC in the exhaust gases is due to quenching of the flame by the i 
surface of the combustion chamber. The HC presence in this layer depends upon A/F J 
ratio, temperature and turbulence in the layer. 

_ The variation of CO (percentage) is also shown in the Fig. 19.12. The emission of CO is 1 ? 

higher at rich A/F ratio and decreases with increasing A/F ratio as sufficient air is avail¬ 
able to burn CO as mixture is lean. 

_ The formation of NO x depends upon 0 2 content and peak cycle temperature. Since the 

maximum temperature in Wankel engine is lower than conventional I.C. engine, there¬ 
fore NO formation is low. 
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19.4.6. Advantages and Applications of Rotary Combustion Engines 
Advantages: 

1. Lighter in weight, High power to weight ratio. 

2. Compact, occupies less space. 

3. Engine completely balanced, hence free from vibration and inertia forces. 

4. Less noise. 

5. Low grade petrol can be used, as it is less knock prone. 

6. Low maintenance requirements. 

7. The size of the engine is appreciably smaller than conventional I.C. engines for the same 

output. 

8. It generates power after every rotation whereas 4-stroke engine develops power after 

every two revolutions. 

Applications: 

1. High performance motor cycle (Comotor, Luxemberg) 

2. Snow mobile (Outboard marine in USA) 

3. Outboard engine (Yanmar) 

4. Helicopter engine (Curtis Wright) r 

5. General purpose engines 

6. Industrial engines (Ingersoll-Rand, USA) 

7. Passenger Cars (Several models in Japan and Germany). 

19.4.7. Why Wankel Rotary Engine could not become Successful ? 

Wankel rotary engine could not become successful mainly due to the failure of apex seal on the 
straight line contact between the rotor apex and the casing. Also the side gad seals and corner seals 
have not been successful in preventing, mixture and gas leakage. Further problems / limitations 
with the Wankel engine are : 
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1. High compression ratio difficult to achieve. 

2. Inefficient combustion. 

3. High surface to volume ratio. 

4. Scraping of wall layers into the exhaust ports. 

5. Lubrication and cooling problem. 

6. Shorter iife. 

7. Higher specific fuel consumption. 

! 19 - 5 - VARIABLE COMPRESSION RATIO (VCR) ENGINES 


19.5.1. Introduction 

d6Sired t0 iTX? high Specific power 0Ut P“t. accompanied by good reliabil- 

amount of fuel canTAurnt efficSyTnd effertivelyAll the ^dfwlh ^r^dTo 
increase power out entail a number of problems 

t VL-KJ engine seems to be a necessity. 

- In the VCR engine a “high compression ratio" is employed for good stability and low 

cnarger to boost the intake pressures without increasing the peak cycle pressure It ic 
worth noting that the greater volume of clearance volume at Wer expression 
ratio would result in increased air intake for the same peak compression pressure 

and consequently more output will be obtained. pressure 

A SI. engine can be used as a VCR engine. The concept of variable compression ratio 

JStaS “‘* b ' ru “ d " ilh “»■SSL 

“ £ 15 =—* - - 

(.u) The diesel engine has better multi-fuel capability. 

19.5.2. Methods to Obtain Variable Compression Ratio 
Variable compression ratio can be obtained : 

onh ‘ *"*'”• Tl “ 

The following mechanisms have been proposed for the VCR engine 

• 5!'i 9 '£V h0 £ T- mechanism b - v wh ich the displacement can be varied by altering 

the stroke length. It is not favoured since it mechanism is quite complex & 

• 2f: f 9 • 14 ' t° WS the mechanism ofVar ™ax engine developed by Tecquiment Ltd (V K ) 

Sm chaX tb m ° Vement ° f CTankshaft for alt -ing the compression ratio. This mecha- 
nism changes the compression ratio from 4.5 : 1 to 20 : 1. 

• The most promising VCR mechanism is the use of special piston to lower or raise the 
tute°(BICERI) S ^ ^ BrUiSh International Combustion Engine, Research Insti- 



f “ ~- - "" 
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; l 9 - 13 - VC R engine by changing the stroke length. 

Fig. 19.15 shows the VCR system, as developed by BICERI. 


Fig. 19.14. Varimax VCR engine. 



I 10.15. BICERI variable compression ratio engine piston. 

It consists of two main parts A and B as shown in the figure. The part B, known as 
carrier is mounted on the gudgeon pin and part A, known as shell, slides on carrier 
B to vary the clearance volume. Those two parts of the piston are so arranged that 
two chambers C and D are formed between them. The chambers are kept full of 
lubricating oil via a hole in the connecting rod and non-return valve F from the 
lubricating system. I ■ 

— The gas load is carried by the oil in the upper chamber C. 
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— When the load increases the gas pressure is increased to a pre-set value, the spring 
loaded relief valve L opens and discharges oil to the main sump. The piston shell 
slides down to a position decided by the relationship between the oil pressure in two 
chambers and the cylinder gas pressure, and thus a charge in compression ratio is 
affected. 

19.5.3. Analysis of VCR Engine 

From various experiments conducted on VCR engine the following observations have been 

made : 

1. Both the pressure and temperature expansion curves for VCR-engine lie above those for 
constant compression ratio engine, indicating that the expansion is slower at low compression ratios, 

2. The gas temperature for the VCR-engine is lower than that for constant compression ratio 
engine for full compression stroke and upto about 50° after T.D.C. 

3. Boost pressure and mean cycle temperature increase with load but maximum cycle tem¬ 
perature for VCR engine is lower at higher loads. 

4. In case of VCR engines, both b.s.f.c. and i.s.f.c. increase significantly with increase in load. 

19.5.4. Performance of VCR Engine 

The performance aspects of VCR-engine are discussed below : 

1. Power output. It has been observed that for the same engine dimension a VCR-engine 
develops more power ( i.e. it is very compact and has a high power-to-weight ratio without any penalty 
on specific fuel consumption). 

2. Thermal loads. With the lowering of the compression ratio the first-stage of combustion 
increases while the second stage (of combustion) decreases but the overall heat release duration is 
shortened. This leads to smoother combustion of both lower and higher compression ratios. 

The following are the other effects of lower compression ratio : 

(i) Reduction in combustion chamber temperature. 

(ii) There is an increase in charging efficiency. 

(Hi) The exhaust temperature increases slightly. 

( iv ) The ignition lag increases and the maximum pressure decreases. The use of VCR prinri-j 
pie results in lowering of thermal loads and a very high specific output. 

3. Specific fuel consumption. It has been observed that the thermal efficiency of the en-^ 
gine decreases considerably with the decrease in compression ratio. This effect, however, is counter¬ 
balanced by the following factors : 

(i) The frictional power (F.P.) increases with the increase in peak cylinder pressure. Since* 
the peaks pressure in VCR engine remains constant, therefore, the F.P. of VCR-engine rema 
constant irrespective of the load. 

(ii) Lower rate of expansion during combustion provides adequate time for combustion 
complete. 

Owing to ahpve mentioned factors it is expected that the b.s.f.c. of VCR-engine should not 1 
much higher than the conventional engine. 

4. Engine noise. The noise emanating from the engine depends upon the peak pressure in th 
cylinder and rate of pressure rise. The peak pressure affects the lower frequency noise while the rat 
of pressure rise affects the high frequency noise. As the peak pressure in VCR-engine remains san 
irrespective of load on engine, the low frequency noise is reduced. However, as the compression ratio i|| 
reduced (i.e. high rates of pressure rise) the noise from the VCR-engine is mainly high frequency noise,: 

5. Starting. As the VCR-engine uses higher compression ratio at low loads, it has a good cold 
starting and idling performance at low ambient temperatures. 
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6. Multi-fuel capability. The VCR-engine has a good multi-fuel capability due to higher 
compression ratio at starting and part-load operation. 

— The opposed piston type engine is especially suitable for multi-fuel operation. 

19 . 6 . FREE-PISTON ENGINE PLANT 

Free-piston engine plants are the conventional gas turbine plants with the difference that the 
air compressor and combustion chamber are replaced by a free piston engine. The working of such a 
plant is explained in Fig. 19.16. 

Refer Fig. 19.16. A free-piston engine unit comprises of five cylinders with two assemblies of 
pistons that move opposite to each other. The pistons are powered by a diesel cylinder located in the 
centre. Each assembly has a diesel piston at the centre of the unit. These are rigidly connected to 
large-diameter pistons reciprocating in the large air-compressor cylinders. Each assembly has air- 
cushion cylinders at the end. 

Refer Fig. 19.16 (a) : 

— The pistons are at their innermost position. 

_ The diesel cylinder has charge of compressed air at about 100 bar ready for firing. 

— The air-compression cylinders are filled with air at atmospheric pressure ; the inlet 
valves IV 1 and JV 2 have just closed. The air trapped in the air-cushion cylinders, 
also called bounce cylinders, is at its lowest pressure. 



Fig. 19.16. Free-piston engine plant. 
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internal combustion engines 

mu. ,„d tta lb '‘*"• * ~pr„ 

combustion products at fprel^e of 3 ^^ °a ?*" UDC ° Vers first - ^ 

rush out through the exhaust to the ti, h * ^ temperature of about 550°< 

outermost portions! the inllt por t fromTbe P “*? C ° ntinU ? to to the! 
and compressed air from the receiver e t compressed-air receiver is uncoverei 
combustion products and fill the cylindeiMstfti 6 f ^ rllnt ^ er to sca venge out thi 
During this outward stroke the Zh Z Z r v *'*.'*?* ofair l«g- 19.16 (i)] 
This air now expands and pushes on the p n H S • T* Cy , mders has been compressed 
to the innermost position, fn turn compressing thTfresh* 1 ^!’ rn . the assemblies ba cl 
diesel cylinder by the opposed piston closing on each offier' ^ * the 

achieved f 7 This Can 1)6 

on the piston in compressing a7 T heZherh f^^^does work directly 
more efficient the process. ' ^ k temperature of gases doing work, the 

Note. The temperature to the tune of 1900 °r ™ k„ .„t ... 

at ignition and. cyclically. During most of the cycle the cylinder if** ‘f a PP ears instantaneously 

and expanding combustion products. In addition the dLel cvlin^ 1 ” 8 byrela 9 vely C00,eT air charges 

sr“ «.... 

1. Less air rate as compared to a conventional gas turbine. 

2. It ts possible to achieve efficiency more than 40 percent. 

3. Lighter and smaller than a diesel engine of the same capacity. 

4. Ihe gas turbine is about one third th* a ; va „ 

plant. turbine for a simple open gas turbine 

5. The free-piston is vibrationless. 

6. The thermal efficiency is considerably higher than simple gas turbine unit 

8 ! ; V ° Tr / effidenCy Can ^ ° btained than “nventLalTesel engine 

■ re^d 1 ffisas sskt sr crankshaft> vaives and vaive ;■—— 

^^^“^^“lloMl'dieselal^ne ofthe's'ame 

characteristics^re^nuclTsui^erhir^onaparecrto'dbese] ^^ne”' 03 ' iDertia ’ “* aCCeIeration 

Disadvantages: 6 

1. starting and control problems. 

2. Synchronisation problem not yet full overcome 

' 3 ' itE™nSo~ Pti0n iS higher than diesel engine, particularly at 

will make the operation V uns e t d abi n e Iy ™ 3 hmited range ' ^ fluctuation in the fuel supply 
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Applications: 

The following are the applications of free-piston engines : 

1. Widely used as a submarine air compressor units. 

2. Suitable for power generation in medium power range. Below 300 kW diesel engines are 
indispensable as free piston engine of comparable sizes are not being built on commercial 
scale. 

3. Free piston engines are specially suitable for pumping oil ; also the same oil can be used 

as fuel. ) 


HIGHLIGHTS 


1. Duel-fuel operation, combines in a simple manner the possibility of operating a diesel engine on liquid 
fuels such as diesel oil or gas oil and on gaseous fuels such as natural gas, sewage gas and cook oven gas 
etc. 

2. At full-load, duel-fuel engine is superior to diesel engine. 

3. A multi-fuel engine is one which can operate satisfactorily on a wide variety of fuels ranging from diesel 
oil, crude oil, JP-4 to lighter fuels like gasoline, and even normal lubricating oil. 

4. The stratified charge engine is usually defined as a S.I. engine (stratified diesel engine has also been 
developed) in which the mixture in the zone of spark plug is very much richer than that in the rest of the 
combustion chamber i.e. one which bums leaner overall fuel-air mixtures. Charge stratification means 
providing different fuel-air mixture strengths at various places in the combustion chamber. 

5. The basic principle of working of Stirling engine is the same as that of conventional engine. The alter¬ 
nate compression at low temperature and expansion at high temperature of a working fluid in the basis 
for the Stirling engine. 

6 . In the VCR-engine a high compression is used for good stability and low load operation and a low 
compression is used at full-load to allow the turbocharger to boost the intake pressures without increas¬ 
ing the peak cycle pressure. 

7. Free-piston engine plants are the conventional gas turbine plants with the difference that the air com¬ 
pressor and combustion chamber are replaced by free-piston engine . 


OBJECTIVE TYPE QUESTIONS 

Fill in the Blanks or Say ‘Yes” or “No” : 

1. A.engine is capable of running on either gas or diesel oil or a combination of these two over a wide 

range of temperature ratio. 

2. The use of low octane number fuels in duel-fuel engine results in poor performance of the engine and 
greatly affects the combustion. 

3. In a duel-fuel engine the temperature of inlet charge has no effect on the knocking limits of a particular 
fuel-air mixture. 

4. At full-load, duel-fuel engine is superior to diesel engine. 

5. A duel-fuel engine is preferred when cheap gas is easily available. 

6. A.engine is one which can operate satisfactorily on a wide variety of fuels. 

7.means providing different fuel-air mixture strengths at various places in the combustion chamber. 

8. The stratified charge engine combines the advantages of both petrol and diesel engines. 

9. A stratified charge engine exhibits multi-fuel capability. 

10. The Stirling engine is an external combustion engine. 

11. The part-load efficiency of a Stirling engine is very low. 

12. In case of Stirling engine no lubricating oil is required. 


I 
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13. The Wankel rotary combustion engine has a poor power volume ratio. 

14. Rotors of the Wankel engine are made from high-grade malleable spheroidal graphite iron. 

15. The specific fuel consumption of Wankel engine is lower than conventional I.C. engine. 

16. Rotary combustion engines are less noisy. 

17. The VCR concept is beneficial only at par-load. 

18. The use of VCR principle results in lowering of thermal loads and a very high specific output. 

19. In a free-piston engine arrangement it is possible to achieve efficiency more than 40%. 

20. The free piston is vibrationless. 


ANSWERS 


1 . 

duel-fuel 

2. Yes 3. No 

4. 

Yes 

5. Yes 

6 . 

multi-fuel 

7. charge stratification 

8 . 

Yes 

9. Yes 

10 . 

Yes 

11. No. 12. Yes 

13. 

No. 

14. Yes 

15. 

No 

16. Yes 17. Yes 

18. 

Yes 

19. Yes 

20 . 

Yes. 






THEORETICAL QUESTIONS 

1. What is a duel-fuel engine ? 

2. Explain with a neat diagram the working of a duel-fuel engine. 

3. Enumerate and explain briefly the various factors which affects combustion in a duel-fuel engine. 

4. Discuss briefly the performance characteristics of duel-fuel engines. 

5. State the advantages and applications of duel-fuel engines. 

6. What is a multi-fuel engine ? 

7. What are the requirements of a multi-fuel engine ? 

8. List the difficulties associated with multi-fuel operation. 

9. Discuss briefly the performance characteristics of multi-fuel engine. 

10. What is a stratified charge engine ? 

11. Give the classification of stratified charge engines. 

12. Explain with a neat sketch Texaco combustion process. 

13. State the advantages and disadvantages of stratified charge engines. 

14. What is the working principle of Stirling engine ? 

15. List the features which distinguish the Stirling engine from other heat engines. 

16. The Stirling cycle is superior to the camot cycle, how ? 

17. List the fuels which are used in a Stirling engine. 

18. Give the differences (in a tabular form) between camot and Stirling engines. 

19. Explain briefly the following with regard to a Stirling engine : 

(0 Two piston friechanism 
(ii) Two piston engine. 

20. State the advantages and disadvantages of a Stirling engine vis-a-vis conventional I.C. engine. 

21. Give the comparison between Stirling engine and I.C. engine. 

22. Describe with sketches the working principle of Wankel rotary combustion engine. 

23. List the features of the Wankel engine. 
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24. Explain briefly with regard to Wankel engine : 

(t) Clearance and swept volume ; (ii) Compression ratio ; 

(iii) Engine displacement capacity. 

25. Describe briefly the performance characteristics of Wankel engine. 

26. State the advantages and applications of rotary combustion engines. 

27. Wankel rotary engine could not become successful, why ? 

28. What are the advantages of variable compression ratio engine ? 

29. Discuss the important designs of variable compression ratio engines and comment on their salient 
points. 

30. Discuss the performance aspects of VCR-engine. 

31. Describe with a neat sketch a free-piston engine plant. 

32. State the advantages, disadvantages and applications of free-piston engines. 
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Air Compressors 


20.1. General aspects. 20.2. Classification of air compressors. 20.3. Reciprocating compressors— 
Construction and working of a reciprocating compressor (single stage)-single stage compressor- 
equation for work-Volumetric efficiency-Actual p-V diagram for single stage Compressor- 
Multistage Compression-Efficiency of compressor-How to increase isothermal efficiency ?- 
Clearance in compressors-Effect of clearance volume-Free air delivered and displacement- 
compressor performance-Effect of atmospheric conditions on the output of a compressor-Control 
of compressors-Arrangement of reciprocating compressors-lntercooler-compressed air motors- 
Rec,prorating air motor-Rotary type air motor. 20.4. Rotary compressora-Classification- 
Displacement compressors-Root blowers-Vane type blower-Steady flow compressors- 
Centnfugal compressor-Static and total heads-Velocity diagrams and theory of operation of 
centrifugal compressors-Width of blades of impeller and diffiiser-Losses and isentropic efficiency 
of the compressor—Slip factor and pressure co-efficient—Axial flow compressor—Velocity diagrams 
of axial flow compressors-Degree of reaction-Compressor characteristics-Surging and choking 
20.5 Comparison between reciprocating and rotary air compressors. 20.6. Comparison between 
axial flow mad centrifugal compressors-Highlights-Objective Type Qucstions-Theoretical 
Questions—Unsolved Examples. 

20.1. GENERAL ASPECTS 

The compressed air finds application in the following fields : 

1. It is widely employed for powering small engines, generally those of portable nature. 
Compressed aw" is used in such diversified fields as : 

(i) operating tools in factories ; 

(ii) operating drills and hammers in road building ; 

C Hi ) excavating ; 

( iv ) tunneling and mining ; 

(v) starting diesel engines ; and 

(vi) operating brakes on buses, trucks and trains. 

... 2A !ar p quantity of air at moderate pressure is used in smelting of various metals such as 
melting iron, in blowing converters, and cupola work. 

3. Large quantities of air are used in the air-conditioning, drying, and ventilation fields In 
many of these cases, there is little resistance to the flow of air ; and hence it does not have to be 
compressed (i.e., measurably decreased in volume). For such cases fans serve the purpose of mov¬ 
ing the air to the desired location. In other cases, particularly in drying work, there is appreciable 
resistance to the flow of air and a compressor of some sort is required to build up sufficient pressure 
to overcome the resistance to flow. 

SJlZS&lTTZZiZ*; Hin “’ —«■ »°» 
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An air compressor takes in atmospheric air, compresses it and delivers the high-pressure 
air to a storage vessel from which it may be conveyed by the pipeline to wherever the supply of 
compressed air is required. Since the process of compressing the gas requires that work should be 
done upon it, it will be clear that a compressor must be driven by some form of prime-mover. Of the 
energy received by the compressor from the prime-mover, some will be absorbed in work done 
against friction, some will be lost to radiation and any coolant which might be employed to cool the 
machine, and the rest will be maintained within the air itself. The prime-mover converts only a 
fraction of the heat it receives from the source into work, and so far as^ the compressor alone is 
concerned, the energy which it receives is that which is available at the shaft of the prime-mover. 

The general arrangement of a compressor set is shown diagrammatically in Fig. 20.1. 


Heat to radiation 

Heat rejected and coolant 



Heat Low pressure Compressed 

air air 


J Source 

! Fig. 20.1. General arrangement of a compressor set. 

20.2. CLASSIFICATION OF AIR COMPRESSORS 

Air and gas compressors, are classified into two main types : 

1. Reciprocating compressors ; and 

2. Rotary compressors. 

According to whether or not the process of compressing is carried out in one unit or in 
several similar units in the one machine, a compressor may be single-stage , or multi - 
t stage. 

Again, in case of reciprocating compressors, the air may be compressed in the cylinder 
on one side of the piston only, or use may be made of both piston faces. Such compres¬ 
sors are single-acting and double-acting, respectively. 

Centrifugal compressors , which are of the rotary type, may be single or double entry, 
which means that the compressor is filled with either one or two air intakes according 
to whether it is of the former or latter type when compression takes place in one or two 
units, respectively. 

Air compressors may be classified in another manner, this time from an aspect of the use to 
which they are put. 

For example, air pumps and exhausters are used to produce vacua, their job being to 
remove air from a particular system to create a low pressure therein. 
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~ l ,. superch , ar 8 ers ar f essentially air compressors, but the increase in pres- 

sure which they produce is only small, and upto, say 0.7 to 1.05 bar. 

— A Foster is an air or gas compressor which is employed to raise the pressure of air/ 

or S 2tl ^ S T y ^ K is Where 3 sU e ht >y higher pressure is required, 

or where a loss of pressure has occurred in a long delivery line. 

20.3. RECIPROCATING COMPRESSORS 

20.3.1. Construction and Working of a Reciprocating Compressor (Single-stage) 

Fig. 202 (a) shows a sectional view of a single-stage reciprocating compressor. It consists of 
a piston which reciprocates in a cylinder, driven through a connecting rod and crank mounted in 
a crankcase. There are inlet and delivery valves mounted in the head of the cylinder. These valves 
are usually of the pressure differential type, meaning that they will operate as the result of the 
difference of pressures across the valve. The working of this type of compressor is as follows : 


Delivery 

valve Inlet valve 



Fig. 20.2 (a) Sectional view of a single-stage reciprocating compressor. 

nresseH^ Sh i°r in *r g ' ^ (W> f 6 pist ° n is movin g down the cylinder and any residual com- 
p sed air left in the cylinder after the previous compression will expand and will eventually 
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reach a pressure slightly below intake pressure early or in the stroke. This means that the pres¬ 
sure outside the inlet valve is now higher than on the inside and hence the inlet valve will lift off its 
seat. A stop is provided to limit its lift and to retain it in its valve seating. Thus a fresh charge of 
air will be a^irated into the cylinder for the remainder of the induction stroke, as it is called. 
During this stroke the delivery valve will remain closed, since the compressed air on the outside of 
this valve is at a much higher pressure than the induction stroke. 



Fig. 20.2 (fc) Fig. 20.2 (c) 

As shown in Fig. 20.2 (c) the piston is now moving upwards. At the beginning of this 
upward stroke, a slight increase in cylinder pressure will have closed the inlet valve. Since both 
the inlet and delivery valves are now closed, the pressure of air will rapidly rise because it is now 
locked up in the cylinder. Eventually a pressure will be reached which is slightly in excess of the 
compressed air pressure on the outside of the delivery valve and hence the delivery valve will lift. 
The compressed air is now delivered from the cylinder in the remainder of the stroke. Once again 
there is a stop on the delivery valve to limit its lift and to retain it in its seating. At the end of 
compression stroke piston once again begins to move down the cylinder, the delivery valve closes ; 
the inlet valve eventually opens and the cycle is repeated. 

As air is locked up in the cylinder of a reciprocating compressor then the compression 
pressure for this type of compressor can be very high . It is limited by the strength of the various 
parts of the compressor and the power of the driving motor. 

It may be noted that there is intermittent flow of air in a reciprocating air compressor. 

20.3.2. Single-stage Compressor : Equation for Work C neglecting clearance) 

In Fig. 20.3 is shown a theoretical p-V diagram for a single-stage reciprocating air compres¬ 
sor, neglecting clearance. 
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iS Fi g. 20.3. Theoretical/*-V and T-s diagrams for a single-stage reciprocating air compressor 

% The sequence of operations as represented on the diagram, are as follows ■ 

" ■■ ****** “»■*- 

hi) Operation 1-2 : Air compressed according to the law pV = C from Pl to pressure p 
Volume decreases from V, to V 2 . Temperature increases from T, to 

(Hi) Operation 2-3 : Compressed air of volume V 2 and at pressure p 2 with temperature T 
! ; delivered from the compressor. temperature 1 2 

| ; air wiliTrr^ 


r 
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the reciprocating compressor, the index n is less than y, the adiabatic index. Since work must be 
put into an air compressor to run it, every effort is made to reduce this amount of work input. 
Inspection of p-V diagram shows the frictionless adiabatic as 1-2" and that if compression were 
along the isothermal 1-2 instead of polytropic 1-2 then the work done, given by the area of the 
diagram, would be reduced and, infact, would then be ‘minimum*. Isothermal compression cannot 
be achieved in practice but an attempt is made to approach the isothermal case by cooling the 
compressor either by addition of cooling fins or a water jacket to the compressor cylinder. For a 
reciprocating compressor, a comparison between the actual work done duringxompression and the 
ideal isothermal work done is made by means of the isothermal efficiency. 

This is defined as, 

T ,, i ct- • Isothermal wmrk done 

Isothermal efficiency = ——-— 

Actual work done 

Thus, the higher the isothermal efficiency, the more nearly has the actual compression 
approached the ideal isothermal compression. 

Total shaft work done/cycle, W = Area 41234 
or W = Area under 4-1 - Area under 1-2 - Area under 2-3 




p-Ni - piVi 


-l 


-p 2 v 2 


' - W-ftV,)- 


< 1 

= 1 n-iJW-PAV 
( » ) 

This equation can be modified as follows : 


Now 


w= r-i Wi-pm- -~i ■p l v 1 (i -ffi) 


...(20.1) 


-.( 20 . 2 ) 


P 1 V 1 ^P 2 V./ 

f Pl\ 


\l/n 


Vl = {P2J 

and substituting this into eqn. (20.2), we have 


W 




_ _ 2 _. _ v L.ift 1 n 

- n _l fth [pj 


n-i 


r, 1-f.aT- 


l A 


...(20.3) 


The solution to this equation will always come out negative showing that work must be 
done on the compressor. Since only the magnitude of the work done is required from the expression 
then it is often written. 
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W = 


n T . 
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...(20.4) 



...(20.5) 


equation ^ deUvery tem P erature T 2 is required then this can be obtained by using this 


Tx 

*1 



or 



...( 20 . 6 ) 


20.3.3. Equation for Work (with clearance volume) 

In practice all reciprocating compressors will have a clearance volume. The clearance 
volume is that volume which remains in the cylinder after the piston has reached the end of its 
inward stroke. ' 

Refer Fig. 20.4. At point 1, the cylinder is full of intake air, volume V. and the piston is 
about to commence its compression stroke. The air is compressed polytropically according to some 
law pV* = C to delivery pressure p 2 and volume V r At 2 the delivery valve theoretically opens and 
for the remainder of the stroke, 2 to 3, the compressed air is delivered from the cylinder. At 3 the 
pis on has reached the end of its inward stroke and so on, delivery of compressed air ceases at 3. V s 
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is. the clearance volume and is filled at this stage with compressed air. As the piston begins the 
intake stroke this residual air will expand, according to some polytropic law pV* = C, and it is not 
until the pressure has reduced to intake pressure at 4 that the inlet valve will begin to open thus 
permitting the intake of a fresh charge of air. For the remainder of the intake stroke a fresh charge 
is taken into the cylinder. This volume {V x - V 4 ) is effective swept volume. 

Work done/cycle, W = Net area 12341 = Area 51265 - Area 54365 

Assuming the polytropic index to be same for both compression and clearance expansion, 

then, 


...(20.7) 


^ (j) ■ -4 - rh 


But p 4 = Pj and p 3 = p 2 , then eqn. (20.7) becomes, 



w= r L r p * v > 

n — 1 


- 1 


-H 


^ Pl(v ‘- v<) it 


...( 20 . 8 ) 


20.3.4. Volumetric Efficiency 

Refer Fig. 20.4. The volumetric efficiency of a compressor is the ratio of free air deliv¬ 
ered to the displacement of the compressor. It is also the ratio of effective swept volume to the 
swept volume. 

Effective swept volume Vi ~ V 4 


i.e., Volumetric efficiency = 


...(20.9) 


Swept volume “ Va 

Because of presence of clearance volume, volumetric efficiency is always less than unity. As 
a percentage, it usually varies from 60% to 85%. 

Clearance volume V 3 


The ratio, 


V. * 


...( 20 . 10 ) 


Swept volume ~ Vj - V 3 

is the clearance ratio. 

As a percentage, this ratio will have a value, in general, of between 4% and 10%. The 
greater the pressure ratio through a reciprocating compressor, then the greater will be the effect of 
the clearance volume since the clearance air will now expand through a greater volume before 
intake conditions are reached. The cylinder size and stroke being fixed, however will mean that (Vj 
— V 4 ), the effective swept volume, will reduce as the pressure ratio increases and thus the volumet¬ 
ric efficiency reduces. 

Vi — Va 

Volumetric efficiency, = —-- 

Vi -V 3 


(Vl-V3) + (V3-V4) 


V 3 ) 


= 1 + 


: 1 + 


(V a - 

V3 

V,-V, v,-v 3 -v 3 


Vj-Va Vj-y 3 


= 1 + 


Vi-v, v,-v 3 -v 3 
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= 1 + Jfe 


V , 


= 1 + * 


/ \Vn 

-*fe) 


\l/» 

P* 
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5-tef 


’lwl. = 1 + * *( ft J 

: fe) 


(v 


Pi “ ^2’ ^4 = Pi) 



OT ^. = 1 + *- ^ __ 

it ~ ^ 

sion of the clearance volume from V, to V Thus if the inH f ” e °f c *P an * 

expansion = n, the vo.umetnV^J^^'by * C ° mPreSS '° n = *• and “ d » «* 

T, - =1 + *-*fe) .420.13) 

/ \Vn t 

= l + £-*f^2 

VPiJ ...(20.14) 


= 1 + k 


-*G0 


...(20.15) 


In this case volumetric efficiency = 1 + A — A j 


different from conditions obtained at statel in Fig. 20.4. conditions are 

Let Pamb. = Pressure of ambient air, and 

T amb. “ Temperature of ambient air 
Pamb. Vgmh. __ Pi 0^ ~ Vt) 

T amb. ^1 

Thus, V. = £ x7 W>-. x v x 


Thus volumetric efficiency referred to ambient conditions may be written as 
tWr™w= 

Vs r i x P«m4. 

But from eqn. (20.11) 


V, -V. 


V1-V4 

v,-v;. 


=i+a-a!^ 

Pi 


k Vn 


B« COMPRESSORS 


^vol. (amb.) 




Vn 

Pi x T nm h 

1 + A - A f — I 


T] x p am ij 

UJ 

. 


1 + A - A (— ) 


T 1 XPamb. 

UJ 
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...(20.16) 


...(20.17) 


' . . 7' V. - 7 —^ / or Jinamg out the dimensions of the cylinder. For 

Wshould be ui™)™ 10 ™ ° fthe CyUnder ’ the volumetric efficiency based on suction condition 

gir 20.5 shows the manner in which the volumetric efficiency varies with delivery pressure 
neoretically, the volumetric efficiency is 100% when the delivery pressure equals that of the 
|Surroun mgs, and m fact no compression takes place at all. It decreases rapidly with increase in 
|dehvery pressure at first, and then more slowly for increase in delivery pressure at higher pressure. 


| |P.. 



Fig. 20.5. Variation of volumetric efficiency with delivery pressure. 

The volumetric efficiency is lowered by any of the following conditions : 

(i) Very high speed 
Cb) Leakage past the piston 

(iii) Too large a clearance volume 

(iv) Obstruction at inlet valves 

(v) Overheating of air by contact with hot cylinder walls. 

7 (vi) Inertia effect of air in suction pipe. 

imnrnv? y Pa / mg carefu I attention in the design of the compressor to these causes of loss, an 
improvement in volumetric efficiency can be obtained 

*■■. 20 ' 3 - 5 ’ Actual P’ V (indicator) Diagram for Single-stage Compressor 

discussed) At W? “T* ? mpreSSOr 1234 » «»theoreticalp-V diagram (already 

1 d) ' At polnt 4 ’ when the clearance air has reduced to atmospheric pressure. The inlet valve 
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in practice will not open. There are two main reasons for this, : (£) there must be a pressure 
difference across the inlet valve in order to move it and (it) inlet valve inertia. Thus, the pressure 
drops away until the valve is forced off its seat. Some valve bounce will then set in, as shown by the Ui 
wavy line, and eventually intake will become near enough-steady at some pressure below atmos- ** 
pheric pressure. This negative pressure difference, called the intake depression settles naturally, 
showing that what is called suction is really the atmospheric air forcing its way into the cylinder 
against reduced pressure. A similar situation occurs at 2, at the beginning of compressed air 
delivery. There is a constant pressure rise, followed by valve bounce and the pressure then settles 
at some pressure above external delivery pressure. Compressed air is usually delivered into a tank 
called the receiver and hence external delivery pressure is sometimes called the receiver pressure. 

Other small effects at inlet and delivery would be gas inertia and turbulence. 

The practical effects (discussed above) are responsible for the addition of the two small 
shaded negative work areas shown in Fig. 20.6. 




20.3.6. Multistage Compression 

In a single-stage reciprocating compressor if the delivery is restricted the delivery press' 
will increase. If the delivery pressure is increased too far, however, certain disadvantages appe^ 
Referring to Fig. 20.7 assume that the single-stage compressor is compressing to pressure p 2 , 
complete cycle to 1234. Clearance air expansion will be 3-4 and mass flow through the compress! 
will be controlled by the effective swept volume (Vj - V 4 ). Assume now that a restriction is 
placed on delivery. The delivery pressure becomes p 5 say, and the cycle is then 1567, clearam 


nog 
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expansion being 6-7. The mass flow through the compressor is now controlled by effective swept 
volume ( V - V 7 ) which is less than (V^ - V 4 ). In the limit, assuming the compressor to be strong 
enough, the compression would take place 1-8, where V, = clearance volume, in which case there 
would be no delivery. It is seen, therefore, that as the delivery pressure for a single-stage, recipro¬ 
cating compressor is increased so the mass flow through the compressor decreases. Note, also 
that as the delivery pressure is increased, so also will the delivery temperature increase. Refer¬ 
ring to Fig. 20.7, Tg > Tg > T 2 . If high temperature air is not a requirement of the compressed air 
delivered, then, any increase in temperature represents an energy loss. 

If high pressure is to be delivered by a single-stage machine then it will require heavy 
working parts in order to accommodate the high pressure ratio through the machine. This will 
increase the balancing problem and the high torque fluctuation will require a heavier flywheel 
installation. Such disadvantages can be overcome by multi-stage compression. 



Fig. 20.7 

Multi-stage compression is very efficient and is now a days almost universally adopted 
except for compressors where the overall pressure rise required is small. The method is not only 
advantageous from a thermodynamic point of view, but also has mechanical advantages over 
single-stage compression. 

Advantages : 

The important advantages of multi-stage compression can be summed up as follows : 

1. The air can be cooled at.pressures intermediate between intake and delivery pressures. 

2. The power required to drive a multi-stage machine is less than would be required by a 
single-stage machine delivering the same quantity of air at the same delivery pressure. 

3. Multi-stage machines have better mechanical balance. 



! 
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internal combustion engines 

4 - s: sKss iristrrr ra ri may be kept ^ — 
5 . t z ^ e ^ oved lubrica - 

ery pressure. The down pressure cylfade^fa mutst'v Withstand the d eliv- 
construction since the maximum pressure therein Is low * maChln6 "“ ff ** lighteT in 
Disadvantages: 

Inspite of all these advantages a multi *tr, f 

ZmZ *™ ini ‘ ial C ° St than a ““* to b ' 

Multi-stage reciprocating compressors 

20 e 8 C Th d ] erbefOre ’ becomes the intake air foltte^Sdel wWchfon*" compressed air from 

controls the mass flow through the machine b^aust .tTo , “. CreaS ® d , Since » this cylinder which 
mto the machine, then there is greater mass’flow thro l lu' S cy lnder which introduces the air 
single-stage machine. V fl ° W throu e h the multi-stage arrangement than the 


Intercooler 


L.P. = Low 
pressure 

l-P = Intermediate 
pressure 

H.R = High 
pressure 



Air 

intake 

3-Stage compressor 

Fig. 20.8 


Intercooler 


tween * * -led he- 

means a reduction in internal energy If the delivered “ ThlS reduction in temperature 

from the input energy required to drive the maZl'th“ T.^ ^ have come 
requirement for a given mass of delivered, air. ’ results ln a decrease in input work 

ity Of 0r three sta ^ of compression. The complex- 

**rr hkb *■— <•* 

creases. There is continuity of mass flow through a Comoro^ ™ “u ° f 8 given mass of S as d e- 
y, ec i ulre a waller volume due to its increased n™ a " each folIo wing cylinder 

usually accomplished by reducing the cylinder dialeter■ rang6 ' Th ’ S reduction » volume is 
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Fig, 20.9 shows cycle arrangements in the development of the ideal conditions required for 
multi-stage compression. For simplicity, clearance is neglected. 

Referring to Fig. 20.9, the overall pressure range is p x to p 3 . Cycle 8156 is that of single- 
stage compressor. Cycles 8147 and 7456 are that of a two-stage compressor without intercooling 
between cylinders. Cycles 8147 and 7236 are that of a two-stage compressor withper/ec£ intercooling 
between cylinders. 



Fig. 20.9 

Perfect intercooling means that after the initial compression in the L.P. cylinder, with its 
consequent temperature rise, the air is cooled in an intercooler back to its original temperature. 
This means, referring to Fig. 21.9, T 2 = T lt in which case point 2 lies on isothermal through point 
1. This shows that multi-stage compression, with perfect intercooling, approaches more closely the 
ideal isothermal compression than in the case with single-stage compression. 

Ideal conditions for multi-stage compressors : 

Case X. Single-stage compressor : 

As earlier stated cycle 8156 is that of a single-stage compressor, neglecting clearance. For 
this cycle, 




n 

n -1 


P^i 



...(20.18) 
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Delivery temperature, T $ = T l [■£§.] * 

1 IpiJ 

Case 2. Two-stage compressor : 

(i) 'Without .intercooling 

8147 . Low pressure cycle 

7488 . High pressure cycle. 

For this arrangement work done, 


...(20.19) 


W = 


n-1 



n-1 


n-1 

pV, 

. 

fe) ‘ - 

+ * v < 

te )'- 1 


...( 20 . 20 ) 


- o— icaua db uiat oi eqn. UU. 18 J. T 

also be given by eqn. (20.19), because there is no intercooling, 
(u) With perfect intercooling 

8 * 47 . Low pressure cycle 

7 236. High pressure cycle. 

For this arrangement, 


... 71 

W —l p ^ 


*)' -= 


+ n -1 P * V * 




-n 


Delivery temperature is given by 

n -1 

(pz 

[P2 

Now, since T 2 = T v then 

P2 V 2=Pl V l 

Also p 4 = p 2 

Inserting eqns. (20.23) and (20.24) in eqn. (20.21) 

n-1 n-1 


**• -l 


, Since T 2 = T x 


IV = 




...( 20 . 21 ) 


...( 20 . 22 ) 

...(20.23) 

...(20.24) 

...(20.25) 


Now, inspection of Fig. 20.9 shows the shaded area 2453 which is the work saving which 
occurs as a result of using an intercooler. ® ‘ 

Conditions for minimum work 

It will be observed from the Fig. 20.9 that as intermediate pressure p, - 4 p„ then ares 2453 

• , S0 t 3> then 2453 °* This means > therefore, that an intermediate pressure 

P 2 exists which makes area 2453 a maximum. This is the condition when W is a minimum 

Inspection of eqn. 20.25 shows that for minimum W, Kp 2 ^Pi) n ~ Vn + (p^/po) n ~ 1/n ] must hp 
minimum, all other parts of the equation being constant in this consideration andp 2 is the variable 
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Hence, for minimum, W, 


dW 

dp 2 


i-l n -3 

• *feF 


dp 2 


= 0 


Differentiating, with respect to p 2 , 


(Pi) n 


t=t * f^r) (piT m ‘ iP3)~ - j pi~r~ 


Pi n 


P 2 


-1 Jn 


P 2\ 




_ -1 In 

P2 x P2 


n-1 

(P 1 P 3 ) ” 

2n + D n- 

n J = (P1P3) n 

71-1 


-1/n 2n -1 . 

P2 P 2 n ~ (P 1 P 3 ) n 


2n - 2 , N - 

p 2 — = tops) n 

, 2 . 


and 


P'1 ~ P 1 P 3 ...(20.26) 

P 2 = yfPiPd ..,(20.27) 

?-? ...(20.28) 

Pi P 2 

or pressure ratio per stage is equal. 

p 2 obtained from eqn. (20.27) will give ideal intermediate pressure which, with perfect 
intercooling, will give the minimum W. 

With these ideal conditions, inserting equations (20.23), (20.24) and (20.28) into eqn. (20.21) 
shows that there is equal work per cylinder . 

Hence, 

Inserting eqn. (20.27) in eqn. (20.29), we get 


2 n 


m n -1 

pi 


...(20.29) 


2n 

W -~!Pi V t 


2 n 


iPiPz) V 


Pi 



n-1 

\f 



- 1 

lUJ j 

I 


Visit: www.Civildatas.com 
















































Visit: www.Civildatas.com 

680 


W = 


2 n 


n^T p l V i 


n -1 

£3 I 2n 
Pi 


~1 


internal combustion engines 

...(20.30) 


rf 6 fL*/* iS the PreSSUre rati0 throu ^ h compressors. 

Case 3. Multistage compressor 

From the analysis of compressor so far, for a single-stage compressor, 


W = 


/TT p i v i 


For a froo-sfage compressor, 


Z' - 


2 n 


n -1 

P3 I 2/1 
Pi 


W= - n V 

n- 1 p i^l 

It seems reasonable to assume, therefore, that for 
3 n 


-1 


a three-stage machine, 


W = 


^iPl V i 


and for *-stage compressor, 


W = 


n-l 


PlV 1 


n-l 
£4 1 3 " 

Pi 


_P(s + l) 
Pi 


-1 


-1 


J hiS equation is ver y important, since it applies 
even to vapour engines, provided n = or < y. P? 


...(20.31) 

to any type of compressor or motor, and 


Note that - (xtl ) * 


compressor 


Pi iS the pressure rati0 throu gh the compressor, in each case. 

Note, also, that since for an ideal compressor there is equal work per cylinder, for an*-stage 


W = 






To determine the intermediate 


...(20.32) 


tions, use is made of eqn. (20.28) 6 preSSUres for an x ' sta S e machine running under ideal condi- 

Here it is shown that the pressure ratio per stage is equal. 

Hence, for an x-stage machine, 


From this. 


El = P3 _ £4 
Pl P2 P 3 

P2 = ZP\ 

P3 “ Z P 2 ~ &P 1 


P(x + 1 ) 


= z, say 


-.(20.33) 
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P 4 = Zp s = z* Pl 


P x + i*Z Px = Z* Pl 




Px+1 

Pl 




Pressure ratio through compressor) ...( 20 , 34 ) 

Inserting the value of Z in eqn. (20.33) will determine the intermediate pressures, 
n the event of intercooling being imperfect we must treat each stage as a separate com 
pressor, in which case V in eqn. (20.31) will be unity. With this special vZe of“ the power ne^ 
stage can be calculated, and finally the total power is the sum of the powers per stage ' 

*1 - 1 
fPgl "1 
KP\) 


W-- 


n i 

Heat rejection per stage per kg of air : 

If the air is cooled to its initial temperature 
ected to the cooling medium. 

Hence for a single-stage the heat rejected is given by, 

Heat rejected W = —-— D V 
n -1 1 


n 2 

n 2 - 


T P» V t 


fe) 


n z -1 
*2 


be rejecte^tolh^Totntmldiuf 31 t6mperatUre the whole of tha d °- - compression must 


n-l 
£ 2.1 n 
Pl 


-1 


...(20.35) 


and since for 1 kg of air, pft = BT t and » (Vj * , then eqn. ( 20 . 35 ) may be written as 


W = 


—- RT . 

n-l 1 


per kg of air 


n R 

n _-y fj ^2 “ heat units 


But 


R 

j 


.. Heat rejected with perfect intercooling 

r y ~ri y 


J-1 .S.I. units 

J = 427.M.K.S. units 


...(20.36) 


c D + c„ 


Note {c p - =^ + 


n-l 


(T 2 - Tj) per kg of air 


-.(20.37) 
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The first term in eqn. (20.37) represents the heat rejected at constant pressure in the 
intercooler ; whilst the second term represents the heat rejected during compression alone ; and 
writing c v = R/J (y - 1) it may be reduced to the form 


y-n 

Y-l 


x work done in heat units 


(v Work done = Heat rejected) 


To find the change in entropy (s) during the first stage of compression, we have, from the 
definition of entropy, 

dW dQ 
T ~ T 

Differentiating eqn. (20.37) and dividing by T, 

dW r fy-jOl dT 

-lj T 


ds = 


ds ~ 


Integration gives the change in s as 


(s 2 ~ Sj) : 


Cp+Cv 


y ~ri 
n-1 


log, TJT\ 


= ( c p ~ c r) Io g, T JT X ^Substituting, y = -^J 

For the complete isothermal two-state compression the change in entropy, 

R 

(s 2 -s,)= — log, P3 / Pl = (c p - cj log, P3 / Pl 
But if the work done in stage compression is to be minimum 

n-l n-l 

To * 


1 = (£2.) n _ (a) *» 

1 IaJ uj 

!0.40) in eqn. (20.38) 

1 )= fcp-c„)log e [j] 


..(20.38) 


...(20.39) 


...(20.40) 


By inserting eqn. (20.40) in eqn. (20.38) 

( s 2 __ 

— c v 


n-1 

2n~ 


lo g'Pjp x 


...(20.41) 


Comparing eqn. (20.39) and eqn. (20.41) it will be seen that the one is half the value of the 
other ; hence the work done per stage is minimum when increase in entropy per stage 

__ Isothermal increase in entropy for whole compression 

Number of stages 

and the maximum temperature per stage is constant and equal to T 2 . 

Actual p-V (indicator) diagram for two*-stage compressor 

The actual indicator diagram for a two-stage compressor is shown in Fig. 20.10. The wavy 
lines during induction and delivery strokes are due to “Flatter” of the disc valves. The L.P. and 
H.P. diagrams overlap due to pressure drop in the intercooler, and, of course, clearance effects are 
plainly visible in the actual indicator diagram. The inertia and friction effects which result in 
valve flatter increase the area of the diagram slightly, and hence their effect is to increase the 
total work of compression. 
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20.3.7. Efficiency of Compressor 

The theoretical horse power of a compressor is calculated on the assumption that the com¬ 
pression curve of p-V diagram is an isothermal. Then, 

Isothermal work done/cycle = Area of p-V diagram 

= PiV x log e r 
P 1 V 1 log g rxN 
= 60 x1000 


Isothermal power 

In M.K.S. units 


kW 


...(20.42) 



Isothermal horse power = ~- 1 ^ 1 r X — 
4500 


where, 


JV = 


...(20.42 (a)] 


Compressor efficiency 


number of cycles/min. 

The indicated power of a compressor is the power obtained from the actual indicator card 
taken during a test on the compressor, 

isothermal horse power 
indicated horse power 

isothermal horse power 

Isothermal efficiency — ; -,1 - 

" J shaft horse power 

where the shaft horse power is the brake horse power required to drive the compressor. A usual 
value of isothermal efficiency is about 70 per cent. 

The ‘adiabatic efficiency ’ of an air compressor is the ratio of the horse power required to 
drive the compressor compared with the area of the hypothetical indicator diagram assuming 
adiabatic compression. 
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ii 



! i 


or 


Adiabatic efficiency, T[ adi ^ bat . = 



B. H^iq^dlo drive 


...(20.43) 


20.3.8. How to Increase Isothermal Efficiency ? 

speed compressors”^" “ eth ° ds 3X6 employed to achieve nearly isothermal compression for high 

ing water into the compresso^l^ years ago) assimilates the practice of inject- 

the aix - “tails the foliowing dementi * ^ C0 ™ s '“ stroke with the object of coohng 

(U) J!" eCeSSi f ta f S the use of a *P<xial gear for injection ■ 

and Water ***?■ -» - lubrication and attack* cylinder walls 

© Wat^^SS^K c a ons Sh t° U ' d ^ " PanUi **** the air ~ 

water jacket which helps tocool the air d^ring^,^ • wat “ around the cylinder through the 
types of reciprocating air compressors. S "• Thls method » commonly used in all 

a^so high with single-s^^e^inpres^km water j'acketin^pro' 1 ' f nd PreSSUre ratio paired is 
cooling is restored to in addition to the water iacketiLhff "i 1 " 3 T effective - The use of inter- 
e s ages. The air compressed in the first stage is cooler! y 1Vldmg tbe compression into two or 

fins on their external surfaces. *** ° apaClty mr cor *Pressors can be effectively cooled by using 


large bore in conjunction with sleeve valws It wwlhfllf'T*' By providing 8 short stroke and a 
the surface of the cylinder head is far more effective inT iS availabla for cooling, and 

bemuse the periodic motion of the than the surface of ‘he barrel 

sufficient time for heat to flow away. Moreover t he ^ A - * t0 the air for a 

Unfortunately clearance increases as the square of th If COmpressed against the cylinder cover 

13 m zz::z p :r ted for T by the mechanicau y s*. Broom - wade c °~ 

cai output to the mechfn’cTlTnpu^CTh^crprfssJ ^ rati ° of tha ™cha„i- 


Mechanical efficiency n - l H g£ compress or 
mtehm Shaft horse power * 


20.3.9. Clearance in Compressors 

« If Clearance volu ™ consists of the following two spaces ■ 

(i) The space between the cylinder pnHanriR . , P 

cal freedom and nd the piston to allow for wear and to give mechani- 

(u) The space for the reception of valves. 

swept volume, lead fuse’ wirTbdnTusld 6 todTtTrmine'th” 6 ** ' ittle ® S 3 per cent ofth e 

cylinder end and the piston, whilst in cheap L P ffn he 3 ff Widtb of the gap between the 

' ”' pl ™'""- ,h * ° r 
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volume, and because ofthe necessary increase in sheath. *** St ,? ke l6SS than the SWept 
the power to drive the compressor is slightly increased Thfmaxf 501 ^ ° mamtam tbe out P ut > 
also controlled by the clearance volume. * J Th maxlmum compression pressure is 

The value of clearance may be expressed as follows : 

(t) S£SKt££ KS££ sssa- “• a Ia - cl ™— a 

fa) iSSUST iS a “ ent 81,(1 Safe Way ° f « iag th^ output of a constant 

m thr ° WS m ° re W ° rk ° n the stage below -* ‘his way 

tling the L.P. suction, fay be limited^’ C ° nSeqUent ° n C ° ntr ° llmg the out P ut by throt- 

20.3.10. Effect of Clearance Volume 

its inward fraveTfhlfthlvolfme Ifthifthf *“***'' J Under when the P iston lt at the end of 
volume is to reduce the volume actually lea f lngto the valve &- The effect of clearance 

as possible, but it cannot be reduced to zeros!* * r herep)re clearance volume should be as small 
allowed to coL^n"ntect r SrtSr°hlad ’ raasons -‘ be P iston face cannot be 
as a percentage of stroke volume. earance volume of the compressor is given 

volume is shown hflpig 20 lVXf thfend ff ri r smgIe ; a c* in B.air-compressor with clearance 
g. At the end of delivery stroke, the high pressure air is left in the 
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clearance volume and suction for the second cycle starts only when the air pressure falls to the 
atmospheric pressure. This is represented by the expansion curve 3-4. Assuming the compression 
and expansion of the air follow the same law, the work done per cycle is given by the area 1-2-3-4- 
1 on p-V diagram. 

W(area 1-2-3-4-1) = (area 1-2-5-6-1) - W exp (area 3-4-6-5-3) 



W = 


PiVi 


P*V* 


-1 


As 


p z =p 2 and p 4 =pj 






n -1 


PiK 


P2\ _ x 
Pi 


where V a = V 1 — V i is the actual volume of free-air delivered per cycle. 

n -l 


W= m,RT, 
n -1 1 1 


-1 


where m 1 is the actual mass of air delivered per cycle. 
/. Work delivered per kg of air delivered 


— 1 RT > 


n -1 

Pi) 


,..(20.44) 


...(20.45) 


...(20.46) 


...(20.47) 


[From eqns. (20.35) and (20.47) it is obvious that the clearance volume does not affect the 
work of compression per kg of air] 

20.3.11. Free Air Delivered (F.AJD.) and Displacement 

The free air delivered (F.A.D.) is the actual volume delivered at the stated pressure re¬ 
duced to intake temperature and pressure , and expressed in m 3 /min. The displacement is the 
actual volume in m 3 /min swept out per minute by the L.P. piston or pistons during the suction 
strokes. 

The free air delivered per minute is less than the displacement of the compressor because of J 
the following reasons : 

1. The fluid Resistance through the air intake, and valves prevents the cylinder being fully z 
charged with air ai atmospheric conditions. 

2. On entering the hot cylinder the air expands ; so that the mass of air present (compared 
with that at atmospheric temperature) is reduced in the ratio : (Absolute atmospheric tempera- 
ture)/(Absolute temperature of the air in the cylinder). 

3. The high-pressure air trapped in the clearance space, must expand to a pressure below 
atmospheric before the automatic suction valves can open ; a portion of the suction stroke is 
therefore wasted in effecting this expansion. 

4. A certain loss is caused by the leakage. 
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20.3.12. Compressor Performance j 

By compressor performance, we generally mean the mass of air delivered per minute per 1 \ 

B.P. (or B.H.P.) on the machine. ! 

For a machine of given capacity and numerial pressure the performance of a compressor is 
influenced by the following factors : 

(i) The pressure range per cylinder. 

(ii) The number of stages employed. 

( Hi ) The clearance volume. 

(iu) The speed of the machine. 

(u) The cooling efficiency. ; 

(vi) The air intake piping. |, 

(vii) The type and disposition of the valves. 

20.3.13. Effect of Atmospheric Conditions on the Output of a Compressor 

A low barometer and a high temperature (as encountered at considerable elevations during 
day time in tropical countries) is responsible for an appreciable diminution in the mass output of jj : 

compressors which have to operate under these conditions. The volumetric efficiency (when re- 
ferred to a standard atmosphere) falls by about 3% per 300 mm increase in elevation, and 1% per 'I 

5°C increase in temperature. As a result of the considerable reduction in temperature after sun- !! 

down, and accompanying humidity, power plant in tropical climates runs considerably better at 
night. | 

20.3.14. Control of Compressors j 

Compressor control may be carried out in many different ways, depending on the circum¬ 
stances in which they are used ; e.g. j: 

1. A compressor, directly driven by a steam engine, may be controlled by a combined cen¬ 
trifugal governor on the steam engine and an air-pressure regulator, the control consisting in an j j 

adjustment of the speed to suit the load. The mechanism operates either the steam throttle or J j 

varies the cut-off. This is suitable where the prime-mover may be run at reduced speeds without | | 

too great drop in efficiency. j 

2. Where the drive is by means of electrical motors it will usually be necessary to keep the ■ ' 

speed constant (it may be inevitable with synchronous motors), and then some unloading device 1 

may be used to blow low-pressure air off to the atmosphere. By artificially obtructing the low- | 

pressure intake and thus lowering the intake pressure in addition to the mass aspired, the tern- j 

perature of delivery may be raised to a dangerous value due to the higher pressure ratio, and this | j 

method is therefore not to be recommended. \ I 

3. A method, commendable because it affords some control over the volumetric efficiency, is j 

to provide variable clearance control. This is achieved by having air pocket's adjacent to the 1 

cylinder , which are brought into communication with the cylinder by automatically operated valves. J 

4. With mechanically operated valves it is usual to hold the suction valve open for part of the 5 

compression stroke. 

In many cases a combination of these, and other, controls may actually be used. > 

20.3.15. Arrangement of Reciprocating Compressors , [f 

As earlier discussed the reciprocating air compressors may be classified into single and 
multi-stage machines, and they may be single or double-acting. In the latter case, air is, com- t : 

pressed alternately on either side of the piston, and consequently there are two compression strokes 
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internal combustion engines 

Fig. 20.12 shows three arrangements in diagram form : 

L.P. 





I. P. 


L.P. 


IN 


¥ 



LP. 


Fig. 20.12. Arrangement of reciprocating compressors 
pre^sion of th°e & single ~ crank > three-stage single-acting air compressor. Here com- 

im. "LVrr ^rr rr~ ^ w «* 

«.«. h» „„ uk ,„ e p ,„ 

Many such arrangements are possible but their discussion is beyond the scope of this book. 
20,3.16. Intercooler 

Zp7Z^' d b * “*.<«*«. ««* «™» 
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m 


Air in 


Air out 



Coolant 

out 


Coolant 
in 


section through an intercooler is shown in Fio- 90 ir tk^ v 
Which are secured between two tube nlat ™ C °° hnff water P asses th ™ugh the tubes 

of baffles: ^ PlateS ' 3nd the a,r circulatea over the tubes through a system 

20.3.17. Compressed Air Motors 


air-operated motors are thrm!)Tt e sfflteMTforms r of ty ° f applications in industry. For some purposes 
ments to be met as in mininfanniw• T ° fp ° Wer * especiaI 'y whe ™ there are safety require- 
tors, riveters, etc. form aZge of hand tools wfflTh ° PiCkS ’ Spades - rammers, vibra- 

They are light in construction and suitable To 1 ^ 0 ^^ Wlde applications in constructional work, 
forms of power tools may not be suitable Thp « ? eratlonm remote situations for which other 
simplicity and robustness ofconst^ * 

ine most general types of motors are : 

(1) Pistop type or Reciprocating type, 

(2) Rotary type. 

20.3.18. Reciprocating Air Motor 

.... «• compres- 

ambient temperature. There is a pressure d - lr Reiver in whlch the air is at approximately 
The air expands in a motor cylinder to atmos^ieH^ ** hne between the reiver and the motor, 
the expansion is internally reversible and thfu f pressure m a manner which is polytropic (Le., 

is usually about 1,3). If the air is initially at amh’ °f ® Xpansion 1S ~ constant, where n < y, and 
bring about a reduction in air temperature a* T” emperature > then this form of expansion will 
reached may be sufficiently low to be below the rT* “"! reached The ^mperatures 

condensed, and the water formed mav p k 7 p0m ! °^ tke moisture in the air, this may be 
formation of ice in the cylinder with the ° be coolcd to lts freezing point. This may lead to the 
may be necessary to pre-heat the air to an^TlT 6 °f blocked valves. To prevent this condition it 
** formation. This heating of air Zlls an which is enough top™** the 

demand from the compressor Further the t , n volumc at supply pressure and reduces the 

low, and a low grade supply of heat or‘waste ^ ^ 
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Fig. 20.14. Hypothetical diagram for a reciprocating air motor. 

Fig. 20.14 shows a hypothetical diagram for a reciprocating air motor. The sequence of 
operations is as follows : 

(i) Operation 1-2 : The air expands from 1 (pj) to 2 (p 2 ) at the end of the stroke (according 
to the law pV” = C). 

( ii ) Operation 2-3. : Blow down (release) of air from 2 to 3 (at constant volume). 

(Hi) Operation 3-4 : Air is exhausted from 3 to 4, and at 4 compression of the trapped or 
cushion air begins. 

(iv) Operation 4-5-6 : Air at supply pressure p 6 , is admitted to the cylinder at the point 5 
where it mixes irreversibly with the cushion air. The pressure in the cylinder is rapidly brought 
upto the inlet valve, p 6 . 

(u) Operation 6-1 : The supply of air is made at constant pressure behind the moving 
piston to the point of cut-off at 1. The cut-off ratio is given by 
V,-V 6 

Cut-off ratio = “— 

V 3 ~~ *6 

The effect of cushion air is to give a smoother running motor. The position of the point 5 
depends on the point of initial compression 4, and on the law of compression pV* = constant. The 
conditions may be such that the points 5 and 6 coincide. The analysis of such a diagram is best 
carried out. from basic principles. 

Note. For a gi^en power, a reciprocating air compressor consumes less air than the rotary form, because 
of the reduced leakage and of the greater expansion that is possible. This however is only secured at the expense 
of a heavier, and more costly mechanism. 

20.3.19. Rotary Type Air Motor 

The air turbine is valveless, small in size, light in weight, and requires no internal lubrica¬ 
tion, but air friction is fyigh, and any dampness in the air causes rapid deterioration of the blading 
at low temperatures. 
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The sliding blade eccentric drum type requires internal lubrication, and even so the slots, in 
which the blades move, wear rapidly. 

The toothed wheel type has a smaller friction and can expand damp air without internal 
deterioration. In the “herringbone” type expansion is possible together with a high starting torque 
and extreme mechanical simplicity. This commends the turbine for colliery work mspite of its 

extravagance on air. . . 

Example 20.1. A single-stage reciprocating compressor takes 1 m of air per minute at 
1.013 bar and 15°C and delivers it at 7 bar. Assuming that the law of compression is pV 
J constant , and the clearance is negligible, calculate the indicated power . 

Solution. Volume of air taken in, Vj = 1 m 3 /min 
Intake pressure, Pi ~ 1.013 bar 

Initial temperature, = 15 + 273 = 288 K 

Delivery pressure, p 2 ~ ^ ^ )ar 

Law of compression : p V 135 = constant 
Indicated power LP. : 

Mass of air delivered per min., 

p x V ! L013X10 5 xl 

m= RT ^ 


Delivery temperature, 


Indicated work 


i.e., Indicated power I.P 


■*1 


= 288 


287 x 288 

.(/» - l)/n 


= 1.226 kg/min 


>.(1.35 - D/1.35 

.013 J 


= 475.2 K 


n -1 
135 


mR (T 2 - Tf) kJ/min 


135-1 


x 1.226 x 0.287 (475.2 - 288) = 254 kJ/min 


254 

60 


— = 4.23 kW. (Ans.) 


Example 20,2. If the compressor of example 21.1 is driven at 300 r.p.m. and is a single- 
acting, single-cylinder machine, calculate the cylinder bore required, assuming a stroke to bore 
ratio of 1.5 : 1. Calculate the power of the motor required to drive the compressor if the mechani¬ 
cal efficiency of the compressor is 85% and that of the motor transmission is 90%. 

Solution. Volume dealt with per minute at inlet = 1 m 3 /min. 

Volume drawn in per cycle = ^ = 0.00333 m 3 /cycle 



i.e ., Cylinder volume 


(where D ~ bore, L = stroke) 
n 


300 
= 0.00333 m 3 


- D 2 L = 0.00333 
4 


i.e. 


D 2 (1.5 x D) = 0.00333 or D 2 


0.00333 x 4 
n x 1.5 
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or 


i e ' Cylinder bore ’ D = °- 34 14 rn or 141.4 mm. (Ans.) 

Power input to the compressor = £g . 4 . 98 kw 
4 98 

Motor P°*er = ~ = 5 .53 kW. (Ans.) 

7-0 ^tr “f 2 °° C ^ C ° mpresses U 

- 0.287 U/kg K. Determine : receiver at a constant pressure of 10 bar 

® T :ri atUrS at ^ end ° f impression ; 

(u) a/icf heat transferred during 

Solution. Refer Fig. 20.15, ^ compression per kg of air. 



m Ternn r S1 ° n 1 ^ = C; * * 0.287 J kJ/kg K 

W Temperature at the end of compression, T ■ 

For compression process 1-2, we have 2 

- - n ~\ L2 1 

"(t) u =1 - 468 

« »«. i« L" r 

r. v «-1 1 

Work done, W = mRT 1 


= 1 x 0.287 x 293 



...[Eqn. (20.5)] 

236.13 kJ/kg of air. (Ans.) 
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Heat transferred during compression , 

Q = W + AU 

PlVl ~ P 2 V 2 
n -1 


+ ^(T 2 -Ti) 

R{T X -Tn) 

~ n _i +s(r 2 -r,) = (T 2 -T 1 ) 


rc . -1 


= (430 - 293) 0.718 - 


0.287 


= - 98.23 kJ/kg. (Ans.) 


L L2-l_ 

Negative sign indicates heat rejection. 

Example 20.4. Following data relate to a performance test of a single-acting 14 cm x 10 cm 
reciprocating compressor : 

Suction pressure = / bar 

Suction temperature - 20°C 

Discharge pressure ~ Q bar 

Discharge temperature = 180°C 

Speed of compressor - 1200 r.p.m. 

Shaft power = $ 25 kW 

Mass of air delivered =1.7 kg!min 

Calculate the following : 

(i) The actual volumetric efficiency ; 

( ii ) The indicated power ; 

(iii) The isothermal efficiency ; 

(iv) The mechanical efficiency ; 

(v) The overall isothermal efficiency. (AMIE Summer, 2000) 

Solution. Given : p, = 1 bar ; T, = 20 + 273 = 293 K; p 2 = 6 bar ; T 2 = 180 + 273 = 453 K; 

N = 1200 r.p.m., P shaft = 6.25 kW ; m a = 1.7 kg/min. 
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GO The actual volumetric efficiency, t| vo j : 
Displacement volume (m 3 /min) 

~ D*LxN 




10 

100 


INTERNAL COMBUSTION ENGINES 

(for single-acting compressor) 
x 1200 = 1.8473 m 3 /min 


mRT 1.7 x (0.287 x 1000) x 293 

F.A.D. = —— = -——- = i .4295 m 3 /min. 

1x10° 


(ii) The indicated power, I.P, ; 


Pi 
F.A.D. 


* 100 = * 100 = 77 -38%. (Ans.) 

l.o4 (o 


Zk _ f^2 

Pi 

1 

- = 1 - 
n 

n = 1.32 


n~l _ In 
n " In (p^j) 


In (453/293) 


In (6 /1) 


Hence, index of compression, n = 1.32 


71 J I P2 

Indicated power, I.P. = -- 7 mRT, 7 

n - 1 1 V Pi 


-1 


1.32 1.7 

x — x 0.287 x 293 


1.32-1 60 

= 5.346 kj/s or kW 
I.P. = 5.346 kW. (Ans.) 
(Hi) Isothermal efficiency, T] iso : 

Isothermal power = mRT x In (pjpj 

1.7 


r ^ 

L32 -1 ] 

\(e} 

1 132 1 

F 

"1 


5.346 

(iu) The mechanical efficiency, : 


= ™ X 0.287 X 293 In (6/1) = 4.269 kJ/s or kW 
4 269 

Tk,« = x 100 = 79.85%. (Ans.) 


Indicated power 5.346 

^mech = x 100 = X 100 = 85.5%. (Ans.) 


Shaft power " * vv ~ 6.25 
(i>) The overall isothermal efficiency, T| overall (iso) : 


^ Isothermal power 

^overall (iso) = Shaft power 


X 100 = 


4.269 

6.25 


x 100 = 68.3%. (Ans.) 
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Example 20.5. (a) Show that the compressor work obtained from the analysis of a conven¬ 
tional card with clearance and poly tropic processes for the reciprocating compressor is identical 
to that obtained from the analysis of a reversible steady flow rotary compressor where in certain 
mass of a gas is compressed from the initial condition of pressure p t and t t respectively to the 
final pressure p 2 in accordance to pv n = C. 

(b) A low pressure, water jacketed steady flow rotary compressor compresses polytropically 
6.75 kg/min of air from 1 atm. and 21°C to 0.35 bar gauge and 43°C. Neglecting the change in 
kinetic energy find the work and mass of water circulated if the temperature rise of the cooling 
water is 3.3°C. Take c p (for air) = 1.003 kJ/kg K. (P-U.) 

Solution, (a) In reciprocating compressors the work required is 


W = 


rPiYi 


Pi | ” -1 
Pi 


n -1 


mfl(r 2 -7i) 


...d) 


When compression is adiabatic, n = y 

Work transfer in rotary compressor is determined by applying steady flow energy equation. 
(j) With isentropic flow. Applying steady flow energy equation, we get 


V 


ti- + W = /l2' + — 

2 g 2g 

For C x = C 2 , W = hf -h x = c/T 2 ' - 7\) 
where T 2 ' is the temperature after isentropic compression 

7 R • 


Since 


c p = 7 -i 


W= — 1 '-RiT'-T^ 
7-1 L 


...( 2 ) 


Eqn. (1) is similar to eqn. (2) for unit mass. 

(ii) With compression polytropic. In actual practice due to internal heating there is 
increase of work done above isentropic work, and work done is 

W=c p (T 2 -T l )= 

where T 2 is the actual temperature, i.e., obtained by using the relationship pv n - C. 

(iti) With cooled compression. Seme heat is being taken away by cooling of compressor 
and so 

W=c p (7 1 2 -T 1 )+Q 
(b) Work, W=mc p (T 2 - Tf) 

= 6.75 x 1.003 (43 - 21) = 148.94 min. 

If the compression would have been isentropic 

14 - 1 

=*■,<,,)- = (21 + 273) 14 = 320.3°K or 47.3°C 


(Ans.) 


Heat rejected to cooling water 


Mass of cooling water, m w = 


= m c p (2y - T 2 ) 

= 6.75 x 1.003 (47.3 - 43) = 29.11 kJ 
29.11 2911 


4.18x3.3 


= 2.11 kg/min. (Ans.) 
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I 


air per minute measurtd “ re ? uired to deliver 14 m 3 of 

rp , m - Take the clearance volume as 5% of the swept volumJ fwfth* “ 7 ^ and the Speed 300 
index of n = 1.3. Calculate : P Wlume Wlth the compression and expansion 

(0 Swept volume of the cylinder ■ <ii\Th„ j ,■ 

W Indicated power. («) The delivery temperature ; 

Solution. Quantity of air to be delivered = 14 m 3/ min 
Intake pressure and temperature Py = JQ13 bar 

n .i- Q T i = 15 + 273 = 288 K 

Delivery pressure, ? , 


Delivery pressure, n ^ 7 , 

^ P<2.~ 1 b ^r 

Compressor speed, at _ 

n , , ^ = 300 r.p.m. 

Clearance volume, v - n nr 

Y c — U-U5 y 

Compression and expansion index, n = 1.3 

(i) Swept volume of the cylinder, V : 

Swept volume, V - V* Jr" Tr 

; 17 ^3 = v x - v c = v x - 0.05 v; 


Volume induced per cycle 


V x = 105 V 

*■ s 

= <vi - vy 


and 


W 4 - 


14 

300x2 


- 0.0233 m 3 



-L 
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v 4 = 4.423 v 3 = 4.423 x 0.05 V s = 0.221 V s 
(Vi - V 4 ) = 1.05 V - 0.221 V = 0.0233 
0.0233 


V = 


*“ (1.05-0.221) 
i.e., Swept volume of the cylinder = 0.0281 m 3 . (Ans.) 
(w) The delivery temperature, T 2 : 

n -1 


= 0.0281 m 3 


Using the relation, 


M \Pl 


P2 \ n 


Delivery temperature 

(Hi) Indicated power : 

Indicated power 


i.e.y Indicated power 


’■■-.■ter -“'(i®)" - 45 ° k 


= 450 - 273 = 177”C. (Ans.) 




n -1 

(ei) n 

{Pi) 


_ hlzl 1013xl0 5 x 14 
1.3 X 10 3 x 60 

= 57.56 kW. 

* 57.56 kW. (Ans.) 


f—1 1 

1,1.013 J 


1.3-1 

.3 


kW 


^Example 20.7. A single-stage , double-acting compressor has a free air delivery (F.A.D.) 
of 14 m / min . measured at 1.013 bar and 15 0 C. The pressure and temperature in the cylinder 
during induction are 0.95 bar 32°C. The delivery pressure is 7 bar and index of compression and 
expansion, n = 1.3. The clearance volume is 5% of the swept volume. Calculate : 

(i) Indicated power required ; (U) Volumetric efficiency . 

Solution. 

Free air delivery, F.A.D. = 14 m 3 /min. (measured at 1.013 bar and 15°C) 

Induction pressure, pj = 0.95 bar 

Induction temperature, T x = 32 + 273 = 305 K 

Delivery pressure, p 2 = 7 bar 

Index of compression and expansion, n = 1.3 
Clearance volume, V 3 = V c = 0.05 V 

(i) Indicated power : 


,, . pV 1.013 xl0 3 x 14 

Mass delivered per minute, m = -zr~r =' — 7 —--- 17 if; Wmin 

^ . ’ RT 0.287 x 288 x 10 3 - 

[where F.A.D. per minute is V at p(= 1.013 bar) and T(15 + 273 = 288 K)] 

To find T 2 > using the equation, 


n -1 
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Indicated power 


Indicated power ; 

0 U ) Volumetric efficiency j 
Using the relation, 


= — mR(T t - Tj) 

1.3 

“ JJTj * 1716 x °- 287 (483.5 - 305) = 3809.4 kj/min. 
3809.4 


60 


63.49 kW. (Ans.) 


Y* _ [£3 I 


\Vn 


\1/L3 


= 4.65 


Now 


- | „ a J-L.) 

v 3 yPi) [pj 1^0.95 J 
v 4 = 4.65 X V 3 = 4.65 x 0.05 V s = 0.233 V 
V i~ V 4 = V i~ 0.233V S = 1.05 V s - 0.233 V s = 0.817 V 
m= PV^ PiWi-VQ 


RT 


RT\ 



% 
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i.e. 


F.A.D./cycle, V = (V t - V 4 ) — 


Ex. 

P 


(where p t and T x are the suction conditions) 

V = 0.817 V 5 

Volumetric efficiency, r\ uol = 


288 
* 305 
0.723 V, 


--S-» 72SV - 


= 0.723 or 72.3%. (Ans.) 


V, " V, 

Example 20.8. (a) What is meant by volumetric efficiency of a reciprocating compressor ? 
How is it affected by (i) speed of the compressor ; Cii) delivery pressure, and (in) throttling across 

the valves. 

(6) State at least six uses of compressed air. 

(c) The free air delivered by a single-stage double-acting reciprocating compressor, meas¬ 
ured at 1 bar and 15°C of free air, is 16 m 3 /min. The pressure and temperature of air inside the 
cylinder during suction are 0.96 bar and 30°C respectively and delivery pressure is 6 bar The 
compressor has a clearance of.4% of the swept volume and the mean piston speed is limited to 
300 ml min. Determine : 

(i) Power input to the compressor if mechanical efficiency is 90% and compression effi- 
ciency 85% ; 

m) Stroke and bore if the compressor runs at 500 r.p.m. 

Take index of compression and expansion = 1.3. (AMIE Summer, 2001) 

Solution, (a) Volumetric efficiency of a compressor is defined as the ratio of Free Air 
Delivered (FAD) to the swept volume. FAD is the volume of air delivered by the compressor 
measured at some reference condition (which may be the ambient condition or the standard sea 
level condition). FAD is less than the swept volume due to the following reasons . 

(i) Throttling and pressure drop at inlet valve and passages , 

(ii) Heating of inlet air by coming in contact with hot cylinder walls ; and 

(iii) Re-expansion of compressed air retained in the clearance volume. 

Effects of parameters on volumetric efficiency : 

(£) Speed of compressor. As the speed is increased the pressure drop in the inlet passage 
and the inlet valve increases. Further the air temperature during intake also increases due to less 
available for cooling. Both of these factors reduce volumetric efficiency of compressor with increase 

of its speed. 

(ii) Delivery pressure. Refer Fig. 20.19. With in¬ 
crease of delivery pressure the pressure ratio increases and 
hence during inward stroke a-b, the effective swept volume 
is reduced. The volume of air delivered (FAD) is reduced 
from V to V d ' when the delivery pressure in increased from 
Pd t0 Pd- Th ^ s the volumetric efflcienc y is decreased when 
the delivery pressure is increased. 

(iii) Throttling across the valves. Throttling across 
the inlet valve reduces the pressure in the cylinder at the 
end of the inlet stroke. Further, throttling at the inlet and 
delivery valves increases the pressure ratio. Both of these 
effects would reduce the FAD, and hence the volumetric 
efficiency of the compressor. 
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(6) Uses of compressed air : 

« Driving a compressed air engine (air motor) 

(u) Driving pneumatic tools. 

dii) Spray painting. 

(iv) Cleaning surfaces by air blast 

(2 BlZT e S0Ud and P ° Wdered -trials i„ pipelines 

(w Blast furnaces and boiler furnaces. 

mi) Pneumatic controls. 

tT ° f aUt0m0biIes “d tractors. 

Refer Fig. 20.20. 


INTERNAL combustion engines 



>V(m 3 ) 


(d) F A n _ Fi e 20,20 

. .. Jr “ m J>- 85% ’ Plston speed = 300 m/min • 

(£) Power J "P“t to compressor • 

Mass flowrate of compressor 

m= EJL x (txlQ s )xl6 

[where FAD ner min t • ir RT ~287^<288~ = 1936 kg/min. 

ro £ 1 Wl “ d »«. 

n -1 


Ms 


T 2=T, 


n -1 


= 303 X 


1.3 -1 

6 ^ L3 
0.96 


= 462.4 K 


Power input to compressor = | — — mR (T 0 ~T 1 

[n-l J 1' -- 


■Hmech. X ^Icomp. 
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1.3 

1.3-1 


x 19.36x0.287 (462:4-303) 


0.9 x 0.85 


= 5016.9 kJ/min = 83.6 kJ/s (kW). (Ans.) 
(ii) Stroke (L) and bore (D) : 

Piston speed = 2 LN 

300 = 2 x L x 500 
L - 0.3 m or 300 mm. 


F.A.D. 


~ D 2 L x 2N x tj voL 


(Ans.) y 

. for double-acting air compressor ...(1) 


To find r) vol proceed as follows : 

\1 in 

£3 
Pi 


£2 

Pi) 


= 4.094 




Now 


V t - 0.1637 V s = 1.04 V t 
pV PtiVi-Vj) 


_6_f 3 

0.96 J 

0.1637 V s 
0.1637 V = 0.8763 V 


RT 


RT X 


i.e., F. A. D./cycle, 


Y-Wi-vJt 


Pi 

P 


(where p x and T y are suction conditions) 


V = 0.8763 V x 


288 0.96 

303 X 


= 0.799 V 


^vol. 


V 


0.79917 


Vs V ‘ 
Substituting the values in eqn. (1), we get 


= 0.799 


16 : 


D: 


7 D 2 x 0.3 x 2 x 500 x 0.799 
4 


16x4 


= 0.29 m or 290 mm. (Ans.) 


x 0.3 x 2 x 500 x 0.799 j 

Example 20.9. A single-stage single-acting air compressor delivers 0.6 kg of air per minute 
at 6 bar. The temperature and pressure at the end of suction stroke are 30°C and 1 bar . The bore 
and stroke of the compressor are 100 mm and 150 mm respectively. The clearance is 3% of the 
swept volume. Assuming the index of compression and expansion to be 1.3, find : 
ii) Volumetric efficiency of the compressor , 

(ii) Power required if the mechanical efficiency is 85%, and 

(Hi) Speed of the compressor (r.p.m). (N.U.) 

Solution. Refer Fig. 20.21. 


Mass of air delivered, 

Delivery pressure, 

Induction pressure, 

Induction temperature, T x = 30 + 273 = 303 K 


m = 0.6 kg/min. 
p 2 ” 6 bar 
p x - 1 bar 
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® ore > D - 100 mm = 0.1 m 

Stroke length, Z, = 150 mm = 0.15 m 

Clearance volume, V ~ 0.03 V 

c 5 

Mechanical efficiency, T\ mtch = 85% 



Fig. 20.21 

(i) Volumetric efficiency of compressor, i\ wL : 

( 

m 


T W = 1 + k-k 


Pi) 


where k = ~ = 0.03 


1 

Xoi = 1 + 0.03 - 0.03 ly I 

(») p ower required to drive the compressor : 

( Y^ n 

Indicated power = - n ™ I ^2 


...(Eqn. 20.12) 


= 0.91096 or 91.096%. (Ans.) 


mRT' ^ -1 

n -1 1 IftJ 


1.3 0.6 


1.3-1 60 


x 0.287 x 303 


1.3-1 
6) 1.3 


Power required to drive the compressor = 


1.93 1.93 


*1 mech. 0.85 


= 1.93 kW 


= 2.27 kW. (Ans.) 
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{Hi) speed of the compressor, N (r.p.m.) : 

mR 7\ 0.6x0.287x1000x303 


Free air delivery, F.A.D. 
Displacement volume 
Also, 


Pi 

F.A.D. 

^\vol. 


lxlO 5 


= 0.5218 m 3 /min. 


0.5218 

0.91096 


= 0.5728 m 3 /min. 


0 5728 = — D 2 L x N (for single-acting compressor) 
4 


or 


0.5728 = - x O.l 2 x 0.15 x N 
4 


Speed of compressor N ~ 


0.5728x4 


-= 486.2 r.p.m. (Ans.) 


n x O.l 2 x 0.15 

US’ Example 20.10. An air compressor having stroke length of 88 cm and clearance vol¬ 
ume of 2 per cent of the swept volume delivers air at a pressure of 8.2 bar. In order to *“ d y the 
effect of clearance on free air delivery and work expended, the compressor was overhauled and a 
distance piece of 0.55 cm was fitted between the cylinder head and the cylinder. The compressor 
was then commissioned under the changed clearance. Calculate : 

( i) Percentage change in the volume of free air delivered , and 

{ii) Percentage change in power expended. 

Before and after overhauling the piston had a suction pressure 1.025 bar and the 
compression and expansion was 1.3. 

Solution. Stroke length of the air compressor, L = 88 cm 

2 


c = 0.02V s , where V s is the swept volume 


Clearance volume, V c - ^qq 

The pressure at which air is delivered, p 2 - 8.2 bar 
Index of compression and expression, n = 1.3 
(i) Percentage change in the volume of free air delivered : 
Before overhauling : 

Stroke volume = Area of the piston * Stroke length 

= A (cm 2 ) x 88 (cm) = 88 A cm 3 
Clearance volume. V c = 0.02 x 88 A = 1.76 A cm 3 - V 3 

Cylinder volume. V, = V s + V c = 88 A ♦ 1.76 A = 89.76 A cm* 

Considering expansion process 3-4, we have 

P3 V a n =Pi V V 

( \Vn 
P3 


= V, 


Pi 


1 


-) 13 '8.712 A-3 


... Volume of free air sucked in = V, - V 4 = (89.76 A - 8.712 A) = 81.048 A cm» 

men the'distance^piece is inserted the clearance space is increased, consequently for the 
same stroke volume, the cylinder volume would increase. 



1 
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or 

or 


Fig. 20.22 

Usance volume, ^3 = (1-76 + 0.55)A = 2.31 A cm 3 
Cylinder volume, V t = 88 A + 2.31 A = 90.31 A cm* 

*rom expansion curve 3-4, we have 
P 3 V 3 " =P t V- 

*-fef-tejHHf ■ 

„ . , V 4 = v 3 * 4.95 = 2.31 A x 4.95 = 11.43 a 

• • Volume of free air sucked in - y • y 

= 90.31 A - 11.43 A = 78.88 A cm 3 
Percentage change m free air delivery 

_ 81.048A - 78.88 A 

.... _ " 8I048A • 

(.u) Percentage change in power expended 



4.95 


x 100 = 2.67%. (Ans.) 


n -1 

,Pl 


_ n 

P ~ n -1 x Pi x volume of free air sucked in 

ing unfhanged? ! indexV . and P^ssuLsp, andjremain- 

sucked in. rUn the compressor is directly proportional to free air 

■■■ Percentage change in power expended = 2.67% (decrease). (Ans.) 



Visit: www.Civildatas.com 


AIR COMPRESSORS 


705 


Example 20.11. A 4-cylinder double-acting compressor is required to compress 
m 3 / min. of air at 1 bar and 27°C to a pressure of 16 bar. Determine the size of motor required 
fand cylinder dimensions if the following data is given : 

Speed of the compressor, N = 320 r.p.m . 

Clearance volume, V = 4% 

c 

Stroke to bore ratio, LID - 1.2 

Mechanical efficiency, ^meeh ~ ^ 

Value of index, n = 1.32. 

Assume no pressure change in suction valves and the air gets heated by 12°C during 
suction stroke. 

Solution. Refer Fig. 20.11. 

n -1 


Net. work done 




-l 


30 


K where Vj - V* = suction volume = 30 m 3 /min (given) = —r = 0.5 m'Vs 
* 60 


Work done 

Theoretical power 
Motor power 

Volumetric efficiency, r\ vol 


1.32 


1.32-1 

197648.9 


x 1 x 10 5 x 0.5 


■ 

1.32-1 

{ 16 ' 

\ 1.32 1 

It, 

J - 1 . 

_ 

_ 


= 197648.9 Nm/s 


1000 


= 197.64 kW 


197.64 197.64 


W 0.82 
Pi ) Pa T i 


241 kW (Ans.) 


(Suffix ‘V and V stand for inside and atmospheric conditions) 

\VL32 


\ol. = 


1 + 0.04 - 0.04 


(?) 


Now swept volume of one cylinder 

30 1 

4 2 x 320 


0.686 


lx (273+ 27) 
lx (273+ 39) 


r 0.01708 m 3 


= 0.686 or 68 . 6 % 


~ A D 2 L = 0.01708 or y D 2 x 1.2 D = 0.01708 
4 4 


2)3 = 


0.01708x4 
K X 1.2 


D = 0.263 m or 263 mm. (Ans.) 
and L = 1.2 x 263 = 315.6 mm. (Ans.) 

Example 20-12. A two-cylinder single-acting air compressor is to deliver 16 kg of air per 
minute at 7 bar from suction conditions 1 bar and 15°C. Clearance may be taken as 4% of stroke 
volume and the index for both compression and re-expansion as 1.3. Compressor is directly 
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coupled to a four-cylinder four-stroke petrol engine which runs at 2000 r.p.m. with a brake mean 
f„f We pr l ssure f 5 J. bar. Assuming a stroke-bore ratio of 1.2 for both engine and compressor 
a mechanical efficiency of 82% for compressor, calculate the required cylinder dimensions. 
Solution. Refer Fig. 20.11. 

16 

Amount of air delivered per cylinder = — = 8 kg/min. 

Suction conditions \_ Pl = 1 bar, T x = 15 + 273 = 288 K 
From the gas equation, p l (V l - V 4 ) = mRT 

mR7\ 8x287x288 

Pi 


V - V 

l V 4 


1x10 s 


= 6.61 m 3 /min. 


6.61 


2000 = 0*003305 m 3 /stroke.compressor being single-acting 

V ( p 

From expansion curve, ~ M - I _ 4 4^7 

V 4 = 4.467 V 3 = 0.04 V x 4.467 - 0.1787 V 

(where V 4 is the swept volume) 

Since ^ = V 3 + V S = 0.04 V $ + V $ = 1.04 V s 

v i - v 4 = 1.04 v 8 - 0.1787 V. = 0.8613 V* 

But V t - V 4 is also equal to 0.003305 

0.8613 V s = 0.003305 

i e Tr 0.003305 

y * = ~0mIT =0 003837 m3 

If L c = length of stroke of compressor, and 

D c — diameter of the cylinder of the compressor, then 
L c = 1.2 D c ....(given) 

T Vxt = V 


f &c 2 X 1.2 D c = 0.003837 or D* 1 


0.003837 x 4 
71 x 1.2 

D c = 0.1596 m or 159.6 mm. (Ans.) 
L c = 159.6 x 1.2 = 191.5 mm. (Ans.) 
Now indicated power of the compressor 

n -1 

—— x mRT. 
n -1 1 


-1 


Brake power of the engine = 


,1.3 

1.3-1 

541 

*1 mech. 


16 


60 

541 

0.82 


x 0.287 x 288 


' 

L3-1 

f 7 ' 

) L3 

k 

1 - 1 

. 

. 


= 54.1 kW 


= 65.97 kW 
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Now, 65.97 = n “ Pm i^ — 

60 

If D e ~ diameter of the engine cylinder, 

L e ss length of the stroke of engine = 1.2 D g , 
n e - number of engine cylinders, 

4 x (5.5x10 s ) x 12 D e x - x D e 2 x 2000 
Then, 65.97 = - 


JD 3 = 


60 x 10' 5 
65.97 x 60 x 10 3 x 4 


= 0.0009545 m 3 


4 x 10 x 55 x 1.2 x 7t x 2000 
le. , D e = 0.0984 m or 98.4 mm. (Ans.) 

L e = 1.2 x 98.4 = 118.1 mm. (Ans.) 

Example 20.13. A single-stage double-acting air compressor delivers air at 7.5 bar. The 
pressure and temperature at the end of suction stroke are 1 bar and 25°C. It delivers 2.2 m 3 of 
free air per minute when the compressor is running at 310 r.p.m. The clearance volume is 5% of 
stroke volume. The pressure and temperature of ambient air are 1.03 . and 20°C. 

Determine : (i) Volumetric efficiency of the compressor ; 

(ii) Diameter and stroke of the cylinder if both are equal , and 
( Hi ) I.P. of the compressor and B.P. if the mechanical efficiency is 85%. 

Take : Index of compression ~ 1.25, and Index of expansion = 1.3. 

Solution. Refer Fig. 20.23. 

Given : p t = 1 bar, p 2 = 7.5 bar, T 1 = 25 + 273 = 298 K, V amb = 2.2 m 3 

N = 310 r.p.m, V c = 0.05 V s , p ami = 1.03 bar, T amb = 20 + 273 = 293 K, T\ mech = 85%. 
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!l i ! 


(0 Volumetric efficiency of the compressor : 

Volumetric efficiency = ——— 

From the expansion curve 3-4, 

P2V 3 = P 4 V- 3 
P 2 V ' 3 = PiV 3 


But 


\Pi 
V„ = 0.05 V 


(v Vg = v c and p 4 = Pl ) 




INTERNAL COMBUSTION ENGINES 


i I 


T W - 


(K + v .)- 0.2355 K 


f V s + 0.05 V, - 0.2355 V. 

J = 0.814 or 81.4%. (Ans.) 

(“) Diameter and stroke of the cylinder D and L : 

The volume of air delivered at suction condition is given by 

v - P«mb V amb T i 1-03x2.2x298 

-IS- 2305 

The volume delivered per minute is given by 

V i ~ ( v $ * x r.p.m.) x 2 
2-305 = V s x 0.814 x 310 x 2 
2.305 


V = _. 

5 0.814x310x2 

te/4 D 2 L => 4560 
rc/4 D 3 = 4560 


= 0.00456 m 3 or 4560 cm 3 


<v D = L) 


_ (4560 x 4 

D -{ n J = 17.97 cm ~ 18 cm. (Ans.) 

L = 18 cm. (Ans.) 

(iii) I.P. of compressor and B.P : 

The work done per cycle of operation for double-acting compressor is given b 


W = 2 x 



Ps =P 2 and Pi=Pi 


= 2 




..(t) 
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where, n 1 = Index of compression, 
n 2 - Index of expansion, 
y i “ + V, = 0 05 \ + V s = 1.05 V gt and 

V 4 = 0.235 V s . 

Inserting these values in the eqn. (£), we get 


W/cycle 5* 2 x p 1 V s 


-2*— x!05 


= 2 x 1 x 10 s x 0.00456 


j-gtj*1.05{(7.5)*“” -l) 

0.2355 ((7 8)““^!} 


= 912 [(5 x 1.05 x 0.496) - 1.0205 x 0.59] 
= 1825.7 Nm/cycle 
j p Work done / cycle x r. p, m. 

60 x 1000 


1825.7x310 
60 x1000 
I.P. 


B.P. = 


* 9.43 kW 
9.43 


= 11.09 kW. (Ans.) 


U mech. °‘ 85 

Example 20.14. A single-stage single-acting compressor delivers 14 m 3 of free air per 
minute from 1 bar to 7 bar. The speed of compressor is 310 r.p.m. Assuming that compression 
and expansion follow the law pV 135 = constant and clearance is 5% of the swept volume, find the 
diameter and stroke of the compressor. Take L = 1.5 D. The temperature and pressure of air at 
the suction are same as atmospheric air. 

Solution. We know that, 

\Vn 


-ter 


:1+ 0.05-0.05 ly 


= 0.839 or 83.9% 

The free air delivered per minute is given by, 
x ’IvoL x 310 = 14 

14 


V = 


14 


Tlvoi. x 310 0.839 x 310 


. V c 0.05 V s 

^ = ^ =005 


= 0.0538 m 3 


But, 


V s= -D2L 


0.0538 = - O 2 x 1.50 
4 

1/3 


D : 


0.538x4 


- 0.77 m or 77 cm. (Ans.) 


n x 1.5 J 

L = 1.5 D = 1.5 x 77 = 115.5 cm. (Ans.) 
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Example 20.15. (a) Define the term ‘overall volumetric efficiency ' with reference to a recip¬ 
rocating compressor. Discuss the parameters in brief which affect it. 

{b) Show the effect of increase in compression ratio in a single-stage reciprocating compres¬ 
sor on p-v diagram and give its physical explanation. 

(c) A double-acting air compressor having size (D x L) 33 x 35 cm and clearance 5 per cent 
runs at 300 r.p.m. It takes in air at 0.95 bar and 25°C. The delivery pressure is 4.5 bar and the 
index of compression, n = 1.25. The free air conditions are 1.013 bar and 20°C . Work out the 
following : 

00 Show the process on p-v diagram for cover and crank ends ; (it) The free air delivered as 
reckoned from the apparent volumetric efficiency ; {Hi) The heat rejected during compression ; ( iv) 
The power needed to drive the compressor if mechanical efficiency is 80%. 

* (AMIE Summer, 1999) 

Al J S ‘ (a) ° veral1 voluf netric efficiency is defined as the ratio of Free Air Delivered 
ULAZi; referred to the ambient conditions to the swept volume or displacement of the compressor. 
The v oliim e of free air delivered is less than the displacement volume due to clearance. At the end 
of the delivery stroke the clearance space is filled with compressed air. On the inward stroke, the 
air will be admitted only after the clearance air is expanded to the inlet conditions. This would 
reduce the effective swept volume. Further, in practice the air that is sucked in during the 
induction stroke gets heated up while passing through the hot valves and coming in contact with 
hot cylinder walls. There is also wire drawing effect through the valves resulting in drop in pres¬ 
sure. Thus the conditions obtained at the end of induction stroke (p., 7\) are different from the 
ambient conditions ( p amb , T anU ). Therefore the overall volumetric efficiency is 



where, C - Clearance ratio (ratio of clearance volume to swept volume), and 
n = Index of re-expansion. 

The parameters which affect the overall volumetric efficiency are as given below : 

® En gin*. speed. Higher the engine speed, greater is the wire drawing effect, and also 
higher the temperature of cylinder walls, lower the efficiency. 

(it) Leakage past the piston lowers the volumetric efficiency. 

(tit) Too large a clearance volume will lower the clearance volumetric efficiency, and hence 
the overall volumetric efficiency. 

(iu) Obstructions at inlet valves will increase wire 
drawing, and hence lower the volumetric efficiency. 

(o) Inertia effects of air in suction pipe may lower the 
volumetric efficiency. 

(6) The effect of increase in compression ratio on 
p-V diagram is as shown in Fig. 20.24. 

By increasing .the delivery from p 2 to p 2 ', 

' ) 

Hi) The compression work per kg is increased from 1- 
2-3-4 to l-2'-3'-4'. 


(i) The pressure ratio is increased from 
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(tit) The effective swept volume is decreased from (Vj — V 4 ) to (Vj - V 4 '). This is due to the fact 
that by increasing the pressure ratio the pressure of air in the clearance volume, at the end of 
delivery stroke, is increased. The re-expansion 3'-4' occupies a large fraction of swept volume (as 
compared to 3-4). This reduces the effective suction stroke with increase in pressure ratio. 

(c) (i) Process on p-V diagram : 

Neglecting the effect of piston rod the processes for cover and crank ends are shown on the 
p-V diagram as indicated in Fig. 20.25. 

Hi) The free air delivered : 

V s = — D 2 L x 2N for double-acting 
n f 33 f 35 

4 llooj X Too * 2 * 300= 17.96 

^voi, C = c l ear8nce volumetric efficiency 



= 0.8765 



Fig. 20.25 

The actual air drawn in per min. 

= 0.8765 x. 17.96 = 15.74 m 3 /min. 

This volume of air drawn is measured at 0.95 bar and 25*0. The free air conditions are 
1.013 bar and 20°C. 

Therefore the free air delivered, in m 3 /min is 

_ Fsuc 
Pamb 
_ 0.95 
~ 1.013 


lift 

mmam& 


x -pfc X 15.74 

r„ 


A sue 

273 + 20 
273 + 25 


x 15.74 = 14.51 m 3 /min. (Ans.) 
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(Hi) Heat rejected during compression : 

Mass of air delivered per min. 


INTERNAL COMBUSTION ENGINES 


. _ (0.95 xio 5 ) X 15.74 

771/1 “ ~ = 17.48 kg/min. 


Heat rejected during compression, 


287 x 298 

71-1//1 


= 298 


0.25/125 


= 406.7 K 


<?2 = mc , (T 2 -T t ) 

= 17.48 x 0.717 x - A. 125 (406.7 - 298) 


1.25 -1 
“ 817.4 kJ/min. (Ans.) 

(iv) Power needed to drive the compressor P : 


P = 


^Iraech. 


-mRT, 



0.8 


1.25 17.48 

°. 287 x298 



0.25 

i] 

( 4.5 ' 

>25 , 


U.95. 

1 "1 

[ 


kj/s 


= 56.82 kj/s or kW. (Ans.) 

Example 20.16. Air at 103 kPa and 27°C is , D , . 

compressor and is isentropically compressed to 700 bP Tb ***•' Cyll " cler °f a ‘wa stage air 
pressure to 37°C in an intercooler and is then n T ^ e air ls ‘^ en c °oled at constant 


P 1 = 


103 kPa 

27 + 273 = 300 K 


H P. cylinder, and is delivered at this pressure DeterZnZZ ' to 4 MPa in <*• 

pressor if it Has to deliver 30 m> of air per. hour measured at ZZZtZ * ^ 
Solution. Refer Fig. 20.26. 

Pressure of intake air (L.P. cylinder), 

Temperature of intake air, 

Pressure of air entering H.P. cylinder, p% - 700 kPa 
Temperature of air entering H.P. cylinder, T 2 = 37 + 273 = 310 K 

Pressure of air after compression in H.P. cylinder. p 3 = 4 MPa or 4000 kPa 
Volume of air delivered _ m 3 /jj 

Power required to run the compressor, P ; 

Mass of air compressed, m = —(jj3xl0 3 )x30 

(0.287 x 1000) x 300 ~ 35 89 kg/h 


For the compression process 1-2', we have 


= \ P2 
Pi 


yjil 

r 


> 4- 1 
700 ^^ 4 " 

103 


“ 1.7289 or = 300 x 1.7289 = 518.7 K 
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Similarly for the compression process 2-3 , we have 

T , xlzl 14-1 

^3 f P 3 ) y (4000 YT4~ 

T 2 ~ [—) = [-^-j . = 1 *6454 or T z = 310 x 1.645 = 510.1 K 



Fig. 20.26 

Work required to run the compressor, 


W * TIJ ImR (T 2 ' - 7\) + mR ( T 3 - T 2 )) 

= ~ * mR [{T 2 - T i> + (T, - r 2 )i 


1.4 35 89 

= 14^1 x 36^0 X °' 287 1(518 7 " 300) + (510.1 - 310)] = 4.194 kN m/s 


followSTZ 2017 A tnal 011 ° tw °’ sta s e Single-acting reciprocating ait 
Free air delivered = 6 m 3 /mm 


Atmospheric pressure and temperature 

Delivery pressure 

Speed 

Intermediate pressure 

Temperature at the inlet to the second stage 
Law of compression 
Mechanical efficiency 
Stroke of L.P, 


= 1 bar and 27°C 
= 40 bar 
= 400 r.p.m. 

= 6 bar 
= 27°C 

= pV 13 = constant 
= 80% 

= diameter of L.P. 


compressor gave the 


stroke of H.P. 
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Calculate : 

(i) Cylinder-diameters ; 

(«) Power required , neglect clearance. 

Solution. Let, Z) Lp = dia of L.P. cylinder, and 
7 ) h .p = dia of H.P. cylinder. 

L = Stroke = D uv 
Assuming a volumetric efficiency of 100%, 
n 

F.A.D. = — D 2 Lp x r.p.m. (for single-acting) 

6 = — -D 2 ^ x i?L.P. x 400 m 3 /min 

D l ? = 0.2673 m = 267.3 mm = L. (Ans.) 
Swept volume of H.P. cylinder 

= Volume of air at 27°C and 6 bar 


(AMIE Winter, 1998) 



Indicated work 


= 1 m 3 /min = — Z^.p. x L x r.p.m. = ~ D# P x 0.2673 x 400 

[v = P2 ^h.p. or 1 x 6 = 6 x V Hp or V Rp = 1 m 3 /minl 

Z? H .p. = 0.109 m or 109 mm. (Ans.) 

n -1 "| n -1 

1 + TTi " 


n -1 


j»iV, 


Pi 


Also, 


Indicated work 

< ' 


Power required 


n -1 


n -1 


RT\ 


= 100 x 


mRT 1 


mRT 1 


al " -1 mRT z N n - 

Pi) n-1 3 {p 2 J 


" 

n -1 

n -1 

(P2 

1".+| 

r £i) * - 2 

1ft; 

1 i 

yPi) 


» « *1 » T 3 . 


60 


0.287 (273 + 27) “ 0116 kg/s 


13 

0.3 


x 0.116 x 0.287 x 300 


= 45.94 kJ/s (kW) 
45.99 



0.3 


0.3 

( 6" 

\ 1.8 . 1 

r 40 

)L8 0 

u. 

1 + ( 

,6. 

1 - 2 

- 



_ 


0.8 


= 58.42 kW. (Ans.) 




Example 20.18. A two-stage single-acting reciprocating compressor takes in air at the rate if 
of 0.2 m 3 /s. The intake pressure and temperature of air are 0.1 MPa and 16°C. The air is com- + 
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pressed to a final pressure of 0.7 MPa. The intermediate pressure is ideal and intercooling is 
perfect. The compression index in both the stages is 1.25 and the compressor runs at 600 r.p.m. 
Neglecting clearance , determine : 

(i) The intermediate pressure, 

(it) The total volume of each cylinder , 

{Hi) The power required to drive the compressor , and 
( iv) The rate of heat rejection in the intercooler. 


Take c p = 1.005 kdfkg K and R = 0.287 kJ/kg K. 


(AMIE) 


Solution. Intake volume, 
Intake pressure. 

Intake temperature, 

Final pressure. 
Compression in< 

Speed of the compressor, 


V x = 0.2 m 3 /s 
p x = 0.1 MPa 
7\ = 16 + 273 = 289 K 
= 0.7 MPa 

= = 1.25 

N = 600 r.p.m. 


c p = 1.005 kJ/kg K ; R = 0.287 kJ/kg K 

(i) The intermediate pressure, p 2 : 

p 2 ~ "JpiPs ~ V^-l x 0.7 = 0.2646 MPa 
{ii) The total volume of each cylinder, , V S2 ; 

600 

or x ~60 
60 x 0.2 


..(Perfect intercooling) 


V 

s ‘ x 60 


We know that 

V (Volume of L.P. cylinder) = 


= 0.2 


600 


Also 


Pi\ = PiV. 


= 0.02 m 3 . (Ans.) 

PiV 8l 


V, = 


P2 


v. (Volume of H.P. cylinder) = °' lxC |f? = 0.00756 m 3 . 
z 0.2646 

(Hi) The power required to drive the compressor, P : 

n -1 

2 n f po 


(Ans.) 


n - 


-1 


..(Perfect intercooling) 


2 x 1.25 


x (0.1 x 10 3 ) x 0.2 


1.25 -1 

{iv) The rate of heat rejection in the intercooler : 

p l v l (Olx 10 3 )x 0.2 

ri 


■ 

1.25-1 

( 0.7 > 

j2xl,25 ^ 


. 

. 


= 42.96 kW. (Ans.) 


Mass of air handled, m = 


RT\ ~ 0.287 x 289 

n -1 


= 0.241 kg/s 


Also, 


T 2 

Ti 


289 


1.25-1 

0.2646^ 1.25 


0.1 


: 351.1 K 


Heat rejected in the intercooler = m x c p x (T 2 - T x ) 

=r 0.241 x 1.005 X (351.1 - 289) = 15.04 kJ/s or 15.04 kW. (Ans.) 
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Example 20.19. A two-stage air compressor with complete intercooling delivers air to the 
mains at a pressure of 30 bar, the suction conditions being 1 bar and 15°C. If both cylinders have 
the same stroke, find the ratio of cylinders diameters, for the efficiency of compression to be a 
maximum. Assume the index of compression to be 1.3. 

Solution. Refer Fig. 20.28. 



Fig. 20.28 


Volume of L.P. cylinder = V 1 
Volume of H.P, cylinder = V 2 

tf p and 7 ) h p are the diameters of the low pressure cylinder and high pressure cylinder 
respectively, then 


jD 2 LP. d 
4 Vh.P. 

or ^7 


jjD 2 h.p. 

4 

From the curve 1-2' following the law ; 

pV 13 = C, we have 


Pi V, i 13 =P 2 V 2 ' 13 or 

v 9. 


1_ = \P2 
Pi 


But for maximum efficiency 

P 2 = -JPlP'i = >/lx30 = 5.48 bar 


~~7 = (5.48) 1 ' 1 - 3 = 3.7 
V 2 


».(t) 
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Now temperature Tf at the end of compression in the low pressure cylinder 


T 2 '- T 2 : 


i.e., 


P2 
Pi 

From constant pressure process of 2'-2 

v 2 vy 


From (i) and («), 


= (15 + 273) 


m 


1.3-1 

13 


= 426.4 K. 



= 1.48 


= 777 x 77“ = 3.7 x 1.48 = 5.476 


..XU) 


yf5A76 = 2.34. 

2 

i.e ., Ratio of cylinder diameters = 2.34. (Ans.) 

Example 20.20. In a two-stage air compressor the pressures are atmospheric 1.0 bar ; 
intercooler^ 7.4 bar ; delivery 42.6 bar. Assuming complete intercooling to the original tempera¬ 
ture of 15 C and compression index n = 1.3, find the work done in compressing 1 kg of air. 

If both cylinders have the same stroke and the piston diameters are 9 cm and 3 cm and the 
volumetric efficiency of the compressor is 90 per cent, will the intercooler pressure be steady or 
will it rise or fall as the compressor continues working ? Justify your answer. (P.U.) 

Solution. With complete intercooling, work done , 

fef *(C 


W-. 


-RTi 


-2 


1.3 

1.3-1 


x 0.287x288 


1.3-1 1.3-1 

( 7.4 Y i.s f 42j6Y"I5~ 

lloJ + U4'J 


= 358.17 (1.587 + 1.497 - 2) = 388.25 kJ. (Ans.) 
Since intercooling is perfect. 


P\ v i = P 2 V 2 or = — = 7.4 


Ratio of effective cylinder volumes 


1.0 


_ Effectiv e volume of L.P. cylinder tc/4 x (0.09) 2 x l x 0.9 
Volume of H.P. cylinder n/4 x (0.03) 2 x / 

^ ra ti° of effective cylinder volumes is more than the ratio of the volumes obtained from 
p- diagram, more air is supplied to high pressure cylinder than can hold, therefore H.P. cylin¬ 
der would suck less air from intercooler than received from L.P. cylinder . Thus pressure in the 
intercooler will rise. 

It may be noted that the effective volume of L.P. cylinder neglecting clearance is actual 
vo ume x volumetric efficiency. It applies to the L.P . cylinder only as the air is sucked in this 
cylinder. 
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Example 20.21. A single-acting two-stage air compressor deals with 4 m 3 lmin of air 
under atmospheric conditions of 1.016 bar and 15°C with a speed of 250 r.p.m. The delivery 
pressure is 78.65 bar. Assuming complete intercooling find the minimum power required by the 
compressor and the bore and stroke of the compressor. Assume a piston speed of 3 mis, mechani¬ 
cal efficiency of 75% and volumetric efficiency of 80% per stage. Assume the polytropic index of 
compression in both the stages to be n = 1.25 and neglect clearance. (N.U.) 

Solution. In the Fig. 20.29. 1-2 shows compression in L.P. cylinder, 2-3 shows cooling 
before compression in H.P. cylinder and 3-4 compression in H.P. cylinder. 



Fig. 20.29 

Piston speed = 2 IN 

. . .. . Piston speed 3 x 60 

Stroke length, l - ---=- = 0.36 m. (Ans.) 

2 N 2x250 

Volume handled = n/4 d 2 l x N x T| uo j 

4 = n/4 d 2 x 0.36 x 250 x 0.8 i 

f ' ( 4x4 Y 2 

• Diametei, > dm (k x0.36 x 250 x 0.8J = 0 266 (Ans ' } 

Mass handled by compressor, 

pV 1.016x10 s x4 , „, , . , 

m = ——- =- = 4.916 kg/mm. = 0.0819 kg/s. 

RT 287x288 

Intermediate pressure, p 2 = yjp 3 Pi - 778.65X 1.016 = 8.94 bar 
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^ejm^eraVure at the end of first stage compression, 


T 2= T i* M * = 288 x 


1.25 -1 
8.94 ^ 1.25 


.016 


Work required 


= 444.9 K 
1 


where r n - — 
Pi 


= 2 x - - x mR (T 9 - T.) x — 

R/nocn. 

= 2 x rSr x 0 0819 x 287 (444 - 9 - 288) x Ws * I55o 


= 49.17 kW. (Ans.) 

Example 20.22. In a single-acting two-stage reciprocating air compressor 4.5 kg of air per 
min. are compressed from 1.013 bar and 15°C through a pressure ratio of 9 to 1. Both stages have 
the same pressure ratio, and the law of compression and expansion in both stages is pV 13 
= constant. If the intercooling is complete, calculate : 

(i) The indicated power 
(«) The cylinder swept volumes required. 

Assume that the clearance volumes of both stages are 5% of their respective swept volumes 
and that the compressor runs at 300 r.p.m. % 

Solution. Refer Fig. 20.30. 



Amount of air compressed, 

m - 4.5 kg/min. 


Suction conditions, 

p s = 1.013 bar, T s 

= 15 + 273 = 288 K 

Pressure ratio, 

f = 9 


Ps 


Also 

Pj _ Pd 

Ps ” Pi 

... (Given) 
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Compression, expansion index, n - 1.3 

Clearance volume in each stage = 5% of swept volume 
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Speed of the compressor, 

(i) Indicated power : 


Now using the equation, 


N = 300 r.p.m. 

Pi = Pd_ 

Ps ~ Pi 

Pi 2 = P s *Pd = P,*Vp s = 9p s 2 

Pi = 3p s i.e., ^-=3 

* = (3)TF 


Tl 

r 


= T $ x (3) 0 3/1 - 3 = 288 x (3)°- 3/t3 = 371 K 

Now as n, m and temperature difference are the same for both stages, then the work done 
in each stage is the same. 


Total work required per min. 


= 2 x •— mR (7\ - T s ) 
n -1 * s 

1.3 

* 2 * i .3 _ l * 4.5 X 0.287 (371 - 288) = 929 kJ/min. 


929 

Indicated power = — = 15.48 kW. (Ans.) 

(“) The cylinder swept volumes required : 

4.5 

300 = 0015 k s /c y cle - 


The mass induced per cycle, m ■ 

This mass is passed through each stage in turn 
For the L.P. pressure cylinder (Fig. 20.30) 


- V A = 


mRT s 0.015 x 287 x 288 


1013 xlO 5 


- 0.0122 m 3 /cycle 
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»w = 1 + * - k 




Vi-V, 


- =1 + k-k 


= 0.934 


’W = o.' ,4 
V,-V 4 


V = 


_ Vi-Vj _ 0.0122 
’ll ,ol. ~ 0.934 " 0.934 

Swept volume of L.P. cylinder V >(Lp) = 0.0131 m 3 . (Ans.) 


- v 

" and SinCe v s t = k * is the same as for the low pressure stage and also — = & then n is 0.934 
as above. Pi Ps vo1 ' 

. . Swept Volume of H.P. stage, \ 

T _ 0.00408 

s(H.P.) ~ q “ 0.004367 m 3 . (Ans.) 

It mey b. noted that th, „tie [» - *)) |, , h „ „ th cjIMlr 

“• "T “* 

i.e.. v ^L.P. 0.0131 

Vh.p.) - = *— 3 — = 0.00437 m 3 . 

, Exam P le 20.23. A two-stage compressor delivers 2.2 m 3 free air per minute The Dressure 

is 55bar r The e f e arance ^nLP^l “d 1 ^ 25 ° C res P ec ^dy. The pressure at the delivery 

r Clearance m L P - cylinder is 5% and also in H.P. cylinder is 5% of the stroke 

the compresslr at^lOr^m. betWeen the tW ° Stages - flnd the ™™™um power required to run 
Hinm JL the r °kes of both the cylinders are equal to the diameter of the L P cylinder find the 

5ss ststrjsa ; L - - 

, Solution. Refer Fig. 20.31. 

Free air delivered, V, = 2.2 m 3 /min, p, (= pj = 1 bar, T l = 25 + 273 = 298 K ; 

P d = 55 bar ; N = 210 r.p.m. ; Law of compression and expansion ; 
pV 13 = constant. 

Clearance in each of L.P. and H.P. cylinders = 5% of the stroke 
Minimum power required to run the compression, P : 

For two-stage compressor (with perfect intercooling) work done is given by, 




n ~ 1 

1 ^-J = 1 + 0.05 - 0.05 (3) W 3 

W =~iP^ 

te)‘ - 

(, v: 

L J 


2 n 


j mRT A 


n ~ 1 

Pd ' 2n 
Ps 


-l 


: 0.0131 m 3 /cycle 


(v 


p x V x « mRT x ) 


i.e., 

= 3 “ i 3 g o 3 P 9 re b S a S r Ure Stage ’ 3 maSSof0015 k e/cyc\e is drawn in at 15°C and a pressure of 

0.015x287x288 

3.039xlO 5 = 0 00408 m /Cyde 


But 


PiVj 

RT, 


1 xlO 5 x 2.2 

287 x 298 = 2 * 57 kg/min 


i.e.. 


Volume drawn in 


TTr 2x1.3 

w = a 3-D * 2 57 * 287 * 298 
= 1119919 Nm/min. 


a.3 -1) 


~1 
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Fig. 20.31 


•1 r 


_ 1119 919_ _ lg 6g kW (Ans ) 
60 x1000 

Diameters and strokes : 

We know that p i = -JPsPd 

= ^/lx55 = 7.4 bar 

The volumetric efficiency of L.P. cylinder is given by 


(p. = Intermediate pressure) 


n 


W(D 


: 1 + k - k 


(P 2 -Pi ) 


= 1 + 0.05 - 0.05 


rf 


= 0.817 or 81.7% 


The volumetric efficiency of the H.P. cylinder is same, because 


Pi Ps 


Vc(H.P.) VdLP.) 


V s<H.P.) 


^ -. V *(LP) 

Free air or air at suction condition delivered per minute is given by, 

Free air = (.V x - V 4 ) x r.p.m. 

= V ^L.P.) 1 W(L.P.) x r P m - = V «<L.P.) * °- 817 X 210 = 2 2 

n6 


2.2 


n/4 D 2 Lp ^l.p. 


5 (L.P.)= 0.817x210 
12822.7 


2.2 x 10 b 
0.817x210 


= 12822.7 cm 3 
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k/4 D\ v = 12822.7 


= = D, p ] (Given) 


^L.P. “ 


( 12822.V x 4 

l « 


= 25.37 cm. (Ans.) 


Since 


‘“'L.P. “ ^H.P. 
^.(L-P.) = *WcH.P.) 

^ 2 l.p. Pi = ^ 2 h.p. Pi 
D 2 l.v p £ 


*> 2 rp. ” 


Pi 

|^ 25.37 2 xl 


(v Pi=Ps ) 


7.4 


9.33 cm. (Ans.) 


Ratio of cylinder volumes, -A : 

’8 

As the points 1 and 5 are on isothermal line we have 
PlVi = Ps^5 

(where V x and V 5 are the cylinder volumes of L.P. and H.P.) 

Yx = 2& = El = 7 . 4 . (Ans.) 

^5 Pi Ps 1 

Example 20.24. A two-stage double-acting air compressor, operating at 220 r.p.m. takes 
in air at 1.0 bar and 2VC. The size of the L.P. cylinder is 360 x 400 mm ; thestrokeof'HP. 
cylinder is the same as that of the L.P. cylinder and the clearance of both the cylinders is 4% The 
L P cylinder discharges the air at a pressure of 4.0 bar. The air passes through the intercooler so 
that it enters the H.P. cylinder at 2TC and 3.80 bar, finally it is discharged 
at 15.2 bar. The value of n in both the cylinders is 1.3, c p - 1.0035 kJ/kgKand R - 0.287 kJlkg 
K. 

Calculate : (i) The heat rejected in the intercooler ; 

( ii) Diameter of H.P. cylinder ; 

(Hi) The power required to drive H.P. cylinder. 

Solution. Refer Fig. 20.32. 

Speed of compressor, N - 220 r.p.m. 

Pi = 1.0 bar, p 5 (= p 8 ) = 3.8 bar, p 2 (= p 3 ) = 4.0 bar, p 6 (= p 7 ) = 15.2 bar 

T = 27 + 273 = 300 K, T s = 27 + 273 = 300 K, 

Clearance of L.P. and H.P. cylinders = 4% 

Value of W for both the cylinders =1.3 

c p — 1.0035 kJ/kg K ; R = 0.287 kJ/kg K 

Diameter of L.P. cylinder, D h p = 360 mm = 0.36 m 

.Stroke of L.P. cylinder, L L p = 400 mm = 0.4 m 

Swept volume of L.P. cylinder/min 

= ti/4 D 2 lp -x L h p x (220 x 2) = tc/4 x 0.36 2 x 0.4 x (220 x 2) 

= 17.91 m 3 /min . since compressor is double-acting 

Volumetric efficiency referred to condition at 1 


= 1 + k - k 


= 1 + 0.04 - 


0.04 


40^ 

LOj 
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= 0.9238 (or 92.38%) 

Volume of air drawn, referred to condition at 1 

- 0.9238 x 17.91 = 16.54 m 3 /min 
jjO x IQ 5 x 16.54 

19.21 kg/min 




100 


- 0.04 


Thus, mass of air/min, 
Also, 


PiVi 


RT X 


0.287 x 300 x 10 3 

n -1 

1.3 -1 


T ^ Ti *ify =300 (i}“ ‘ = 413 K 

i ^ I_ 


\rij 

(i) Heat rejected in the intercooler : 

Heat rejected in the intercooler 

= mc p (T 2 - r 5 ) = 19.21 x i .0035 (413 _ 300) 

.... = 2178 - 3 kj/min. (Ans.) 

KU) Diameter of H.P. cylinder : 

Volume of air drawn in H.P. cylinder per minute 

v _ mRT s _ 1921 x 0.287 x 300 x lO 3 

Ps 3.8 x 10 5 = 4,3 ^2 m 3 /min. 


P 5 3.8 x 10 5 = 4,3 ^2 m 3 /min. 

Since the pressure ratio and clearance ■ nn 

)re > the volumetric efficiency of both cylinder s> tf P ' and L p - cylinders are the same, 
ess ion. y 1 same referred to condition at the start of 
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Swept volume of H.P. cylinder 


4.352 

0.9238 


= 4.71 rrvVmin 


i.e., 


ti/ 4 D 2 H p x L H p x (2 x 220) = 4.71 
n/4 D 2 Hp x 0.4 x (2 x 220) = 4.71 


[v 


l h.p. = L l.p. = 04 m l 


^H.P. - 


4.71x4 


= 0.1846 m or 184.6 mm (given) 


^7i x 0.4 x 2 x 220 J 
ui.e., Diameter of H.P. cylinder * 184.6 mm. (Ans.) 
dii) Power required to drive H.P. cylinder : 

Since the initial temperature and pressure ratio in the L.P. and the H.P. cylinders are the 
same, T g = T 2 

:. Power required for H.P. cylinder 

n 1 3 19 12 

= n — mR{T 2 ~ Tj)= l d 1912 —.. 


X 0.287 (413 - 300) 


1.3 -1 60 

= 45 kW. (Ans.) 

Example 20.25. A single-acting two-stage air compressor delivers air at 18 bar. The tem¬ 
perature and pressure of the air before the compression in L.P. cylinder are 25°C and 1 bar . The 
discharge pressure of L.P. cylinder is 4.2 bar. The pressure of air leaving the intercooler is 4 bar 
and the air is cooled to 25°C. The diameter and stroke of L.P. cylinder are 40 cm and 50 cm 
respectively. The clearance volume is 5% stroke in both cylinders. The speed of the compressor is 
200 r.p.m. Assuming the index of compression and re-expansion in both cylinders as 1.25 c for 
air = 1.004 kJ/kg K, find: p 

(0 Power required to run the compressor, and 
(ii) Heat rejected in intercooler / min. 

Solution. Fig. 20.33 (a and b ) shows the process on p-V and T-s diagrams 
Given : p s = 1 bar, p. = 4.2 bar, p! = 4.0 bar, 

p d = 18 bar, T 5 * T x = 25 + 273 = 298 K 


N - 200 r.p.m. , V c = 5% of stroke in both the cylinders, and 
c p = 1.004 kJ/kg K 


^s(L.P.) - J p2 L P p L P. 


- X 0.4 2 X 0.5 = 0.0628 m 3 
4 


The volumetric efficiency of L.P. cylinder is given by, 


(L.P.) = 1 + k - k 


1 In 


= 1 + 0.05-0.05 


= 0.892 or 89.2% 
^-^4> = W.P.C 
Considering the compression curve 1-2 


V = 0.892 x 0.0628 = 0.056 m 3 


k = ~± = 0.05 


= r 

\Ps 
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(b) 

Fig. 20.33 
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n-1 125-1 

T 2 = T x j " = 298 ^ j L25 = 397 K 

n -1 

'pl) n . 

KPsJ 


w ih.p.) /c y cle = mRT i 


W mv) /cyc\e = — mRT 5 


-1 


n-1 

^1" -i 


As T 5 -T x (given) 


i — Mass of air of volume (Vj_ — V 4 ) at suction condition of L. P. cylinder 
lx 10 5 x 0.056 


m - 


287 x 298 

.-. Total work done/cycle, W = W (LP) + W (Hp) 

n-1 
n 


= 0.0655 kg / stroke 


n -1 

1.25 

1.25-1 


mRT x 


?,) " # : ‘- 2 


: 0.0655 x 287 x 298 


125-1 125-1 

4.2 ^ 1.25 f 18 ^ 1.25 

T + y 


-2 


= 28009.8 x (1.332 + 1.351 

(0 Power required to run the -compressor 


- 2) = 19130.7 Nm 


I.P. 


W xN (r.p.m) _ 19130.7 x 200 

60x1000 “ 60x1000 


= 63.77 kW. (Ans.) 


(ii) Heat rejected in intercooler/min 

= (m x r.p.m.) x c p x (T 2 - T x ) 

= (0.0655 x 200) x 1.004 (397 - 298) 

= 1302.08 kJ/min. (Ans.) 

^Example 20.26. A single-acting two-stage compressor with complete intercooling deliv¬ 
ers 10.5 kgl min of air at 16 bar. The suction occurs at 1 bar and 27°C. The compression and 
expansion processes are reversible, polytropic index n - 1.3. Calculate : 

(i) The power required to drive the compressor 

(ii) The isothermal efficiency 
(Hi) The free air delivery 

(iv) The heat transferred in intercooler 
The compressor runs at 440 r.p.m. 

(v) If the clearance ratios for L.P. and H.P. cylinders are 0.04 and 0.06 respectively, calcu¬ 
late the swept and clearance volumes for each cylinder. 

Solution. Given : p x = 1.0 bar, p 2 = 4.0 bar, p 3 = 16.0 bar 
T x = 27 4- 273 « 300 K, n - 1.3, 
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Fig. 20.34 

Amount of air delivered = 10.5 kg/min 
Clearance ratio for HP. cylinder, k = 0.04 
Clearance ratio for H.P. cylinder, k = 0.06 

The pressure ratio per stage = = J[^16 = 4 

(i) Power required : 

Work done in two stages with perfect intercooling 


2rc 

—- mRT, 
n -1 1 


n -1 
^3 ) 2n 

Pi 


-1 


2 x 1.3 10.5 

= TJ^[ x lo x 0287 x 300 |( 16 ) 

(ii) Isothermal efficiency : 


Isothermal work = mRT, log [ ~ 
e { Pi 


13-1 

2x13 


“1 =49.21 kW. (Ans.) 


10.5 


60 X 9,287 x ^00 x ]°£ e 


41.77 kW. (Ans.) 
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Isothermal efficiency 


41.77 


49.21 

(Hi) Free air delivery (F.A.D.) : 


= 0.8488 or 84.88%. (Ans.) 


Free air delivery, 


T/ mRT^ 105 x 0.287 x 300 x 10 3 

V ~ “ TZTrf = 9 - 04 m 3 /min. (Ans.) 


Pi 


1 x 10 £ 


(iv) Heat transferred in intercooler : 

Temperature at the end of compression 


r 2 = T lX (A) * =300 = 413 K 


Heat transferred in intercooler 

* m x C P x (T 2 - r 6 ) = m X (T 2 - T t ) 
10.5 


[v T 5 = Tj] 


60 


x 1.005 (413 - 300) « 19.87 kW. (Ans.) 


(u) Swept and clearance volumes : 

Volumetric efficiency for L.P, stage, 

I 

t W(L.P.) = 1 + k - k = 1 + 0.04 - 0.04(4 ) yi3 ~ 0.9238 or 92.38% 

Similarly volumetric efficiency of H.P. stage, 

’W (H.p.) = 1 + 0.06 - 0.06(4) 1/13 = 0.8857 or 88.57% 

L.P. Stage : 

(i) Swept volume, V „ „. = (V _ y ) = T ree air deliver y 

* J 1 3 Speed xp, lo/ ( L P ) ' 


9.04 


= 0.0222 m 3 . (Ans.) 


“ 440x0.9238 

(«) Clearance volume, V c (L>p) = 0.04 (V, - V 3 ) or 0.04 


= 0.04 x 0.0222 = 0.000888 m 3 . (Ans.) 

H.P. Stage : 

ii) Swept volume v » <h.p.> = (V s - V,) 

_ Free ai r delivery 

Stage pressure ratio x speed x r\ uol (Hp) 


(ii) Clearance volume, 


9.04 

4 x 440 x 0.8857 


= 0.0058 m 3 . 


(Ans.) 


v c (h.p.) - 0 06 x (^5 - V 7 ) or 0.06 V^n p } 

= 0.06 x 0.0058 = 0.000348 m 3 . (Ans.) 


Example 20.27. The pressure limits of a 3-stage compressor are 1.05 bar and 40 bar. The 
compressor supplies 3 m 3 of air per minute. The law of compression is pV L25 = Constant. Calcu¬ 
late on one minute basis : 


(i) Indicated work done assuming conditions to be those for maximum efficiency ; 
(ii) Isothermal work between the same pressure limits ; 
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(Hi) Isothermal efficiency ; 

( iv ) Indicated work if the machine were of one-stage only ; 

(v ) Percentage saving in work done to using three stages instead of one. 
Solution. 


(i) Work done/min. 


= ITU * v i 


n -1 

Pd 1 3n 

Ps 


-1 


3x1.25 

1.25-1 


x 1.05 x 10 5 x 3 


1.25 -1 

( 40 ^3 x 1.25 _ 

U.O5J 


= 1297725.7 Nm/min. (Ans.) 

Pd 


( H ) Isothermal work done/min = 10 5 p l V 1 log. 


Ps 

40 


= 10 5 x 1.05 x 3 x log, = 1146628.1 Nm. (Ans.) 
1.05 

(Hi) Isothermal efficiency = 114 6628.1 _ o,gg 3 or 88.3%. (Ans.) 

1297725.7 

(iv) Single-stage, work done/min. 




1.25 
1.25 -1 


x 1.05 x 10 s x 3 


40 

1.05 


(v) % Work saved 


1686780.2 Nm. (Ans.) 

1686780.2 -1297725.7 


= 0.23 or 23%. (Ans.) 


1686780.2 

Example 20.28. A 3-stage compressor is used to compress air from 1.0 bar to 36 bar. The 
compression in all stages follows the law pV 125 = C. The temperature of air at the inlet of com¬ 
pressor is 300 K. Neglecting the clearance and assuming perfect intercooling, find out the indi¬ 
cated power required in kW to deliver 15 m 3 of air per minute measured at inlet conditions and 
intermediate pressures also. Take R = 0.287 kJ/kg K. 

Solution. Given : p 2 = 1.0 bar, p 4 - 36 bar, n = 1.25, R - 0.287 kJ/kg K 

< T 1 = 300 K 

As there is perfect intercooling, 

/ \l/3 

£2 = P3 = Pi = [£i) _ 3,3(>2 

Pi P 2 P 3 \PlJ V 1 J 

Intermediate pressures, 

p 2 = 3.302 p x - 3.302 x 1 = 3.302 bar. (Ans.) 
p 3 = 3.302 p 2 = 3.302 x 3.302 = 10.9 bar. (Ans.) 
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Now 


Tt-*1 



1 

X 


[where x = no. of stages = 3] 


(? 


-i\ 1 

rh 


= 380.9 K 


Mass of air handled per minute 

Pl V v _ 1.0 xlO 5 x!5 

= RT ~ 0.287x1000x300 
Total work done in three stages (in kJ/s) 


= 17.42 kg/min. 


_ ^ n —. mR (T 2 -Ti)| 

125 x VM2 x 0 2g7 x ( 330.9 - 300) x 3 
= [(1.25-1) 60 
= 101.11 kJ/s or 101.11 kW 


i. c .. Indicated power required = 101.11 kW. (Ans.) 


1 20 29 A 3-stage double-acting compressor, operating at 200 r.p.m. takes in 

^Example 20.29. A 3 stag x 4Q0 mm The intermediate 

air at 1.0 bar and 20°C. The low pre ^ r ^\ r £ ave the same stroke as the low pressure cylin- 
pressure cylinder and the hig ft press second stage are 4.0 bar and 16.0 bar and 
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NegUct «• 

(Otfeaf rejected in each of ibo , ' C p ^ ^ kj/kg K. Determine : 

sr AZso /w * w * *• SStes: 

(«) The diameter of the intermediate pressure *u , , 

tf«) The shaft power required to drive the e e tS pressure stage cylinders. 

Take c p = 1.005 kj/kg K. oppressor with mechanical efficiency of 80%. 

Solution. Fig. 20.36 [(a) and (6)1 shows the pV„^m a- 
The swept volume of low pressure cylinder per minute/ 

V n 

S(l.p.) - J ^\.p. L x (r.p.m.) x 2 

n x 035 2 x 0.4 x 200 v o 

4 ~ - 15.394 m 3 /min. 

Volumetric efficiency referie/t/conditi'o/s'aM^ 2 *“* ** COmpressor is double-acting] 
l ' e ‘> 1 bar and 20°C are : 

l 

^vol. (1st stage) ~ ^ + k- k = 1 + 0.04 - 0.04 

= 0.913 or 91.3% 

l 

^ (2nd stage) = 1 + 0.04 - 0.04 ^£4^ = j q 4 __ Q Q4 ^16 J 



if 


= 0.9136 or 91.36% 
^ vol . (3rd stage) = 1 +0.04-0.04 


1125 


|Vj U =1.04-0.04 

= 0.9227 or 92.27% 
volume of air taken in at 1 bar 20°C 

(V 1 -V,)/min= Wmin . ><TlM;ast ^ ) 

And mass of air/min./ 15 394 * ^ = 14 05 

m= £i^LzXll_ 1 x 10 5 x 14.05 
RT t 

n -1 


64 j 
15.8 J 


Also 


T 2 ^T 1 


£2 

Pi, 


0.287^293 xlO 3 = 16,708 k £ /min - 

1 . 2-1 


And 

And 


t s =tJps 

KPs 


T 10 = T 9 


Pi 0 

P9 


-293 | 

nr 

1.2 



1.25 -1 

= 293 

) 1.25 


U-8, 

1 


r 64 
,15.8 

13-1 

= 293 j 



= 390.6 K. 


= 404.6 K 
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(i) Heat rejected in each cooler : 

Heat rejected in intercooler after 1st stage 

= mc p ( T 2 - r 5 ) = 16.708 x 1.005 (369 - 293) 

= 1276.16 kJ/min. (Ans.) 

And heat rejected in intercooler after 2nd stage 

= mc p (T 6 ~ T 9 ) = 16.708 x 1.005 x (390.6 - 293) 

= 1638.85 kJ/min. (Ans.) 

And heat rejected in the after-cooler 

= ™c p (T 10 - Tj) = 16.708 x 1.005 (404.6 - 293) 

- 1873.93 kJ/min. , (Ans.) 

(ii) Dj p ; D H p : 

Volume drawn in intermediate pressure cylinder/min. 


(V 5 - VgVmin. = 


mRT. 16.708 x 0.287 x 293 x 10 3 


Ps 3.8 x 10 1 

Swept volume of intermediate cylinder/min 

3.69 3.69 


: 3.69 m 3 /min. 


^{intermediate/ 0 '*^ 


*luo/.(2nd stage) 0.9136 


4.039 m 3 /min. 


n 

4 


D\ p L x (r.p.m .) x 2 = 4.039 


D t 


r 4.039x4 

iV 2 

4.039 x 4 

nxLx (r.p.m.)x 2 


n x 0.4 x 200 x 2 


-- 0.179 m or 179 mm 


^I P = 179 mm. (Ans.) 
Volume drawn in high pressure cylinder/min 


(V q - V.J/min = 


™RTc) 16.708 x 0.287 x 293 x 10 3 


P9 15.8 x 10 5 

Swept volume of high pressure cylinder, 

0.889 0.889 


* 0.889 m 3 /min. 


s(H.P 


} /min = 


*luo/. (2nd stage) 0.9227 


= 0.9364 m 3 /min. 


or 


i.e.. 


Tt 

4 D HP. L x (r.p.m.) X 2 = 0.9364 

_ f 0.9364 x 4 V /2 

° H P ■ U x 0.4 x 200 x 2J = 0 0863 m or 86 3 mm 

D Hp = 86.3 mm. (Ans.) 

(iii) Shaft power : 

Shaft power is given by : 


12 1 
- ? mR (T 2 - T 1 ) + 7 ±P~ 7 mR (T 6 - 


1 . 2-1 


1.25-1 


T s ) + 


13 

1.3 -1 


mR (Tjq — Tq ) 
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1 


mR 


60 x 0.80 
16.708 x 0.287 


60 x 0.8 

le. , Shaft power = 142.6 kW. (Ans.) 


— x (369 - 293) + (390.6 - 293) + x (404.6 - 293)1 

0.2 0.25 0.3 J 

(456 + 488 + 483.6) = 142.6 kW 


Heat rejected during compression process during a stage above may not be confused with 
heat rejected per stage, which includes heat transferred during suction and delivery, if any. Thus , 
heat rejected during compression process 1-2. 


c dFf |(r2 " Tl) 


Also 


c p = c„ + R, 


c = c - n = 1.005 - 0.287 = 0.718 


and 


P _ 


1.005 


0.718 


= 1.4 


Therefore, heat transfer 




(369 - 293) 


16.708 = 455.86 kJ/min. (Ans.) 


Similarly for 2nd stage compression process 5-6 
f 1.4 - 1.2.5 


Heat transfer 


0.718 


1.4-1 

Similarly for 3rd stage compression process 9-10 


(390.6-293) 


: 16.708 = 439.07 kJ/min. (Ans.) 


Heat transfer 




(404.6 - 293) 


x 16.708 = 334.69 kJ/min. (Ans.) 


Example 20.30. A multi-stage air compressor is to be designed to elevate the pressure 
from 1 bar to 125 bar such that stage pressure ratio will not exceed 4. Determine : 

(j) Number of stages (ii) Exact stage-pressure ratios 

(iii) Intermediate pressures. 

Solution, (i) Number of stages, x : 

Assuming perfect intercooling , the condition for minimum work of compression in multi¬ 
stage compression is 


(g)x +1 

(p\ 


(P)* + 1 


Vx 


(P) 1 


In this case ^* + 1 is restricted to 4 and 


125 


(P>, 


(P) i 


= 125 


Hence 


4 = (125) J/I 

log, 4 = * l0g< 125 


1.386 = - x 4.828 

X 
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_ 4.828 

* = 1386 = 348 sa y 4 

Hence the number of stages, x = 4. (Ans.) 

U Exact stage pressure ratios : 

Again using the relation 

(■P^x + i fir.! ~l y * 


internal COMBUSTION ENGINES 


(p) x 


QA 


- f ?r 


= 3.343. (Ans.) 


r x \ 

(“) Intermediate pressures : 

Extreme pressures are already fixed 

Pi = 1 bar, P 41 , = p 5 = 125 bar 

( ^4 + i Ps 

(Ph =J7 =3.343 
125 

- 37.39 bar. (Ans.) 


Also 


Similarly 


and 


Pa = 

Ex ^ 

P3 

p 3 = 

P2 ■ 


' 3.343 

3.343 

3.343 


P4 

_ 37.39 

3.343 

' 3.343 

P3 

- 1118 


- H.18 bar. (Ans.) 


Example 20 31 ta •' )W “ S 3.343 = 3 344 bar - (Ans.) 
presshnitZfnT 0 ^ C °^plT^inlTcTokrT ^ 1 bar and 25 °C «nd deliver it at 160 

temper cZiaf w TT ^ 

culate : (t) Number of stages required P con stant for all stages. 

j U) Work ™Put per kg of air. and 

i P s - Suction pressure = 1 bar 

T s = Suction temperature = 25 + 273 = 298 K, 

r i = t02nd ***«> 

Pd x = J (;1 ‘ V h ery Pressure (At + l)th stage,’ 

r : TIT t ges after the ist *■» 

® Number of stages : ^ ratl ° f ° T 2 ° d Stage > 3rd sta ? e . nth stage. 


Thus, 


pi _ (Tipi 
p s (r. 


1.25 


125 + 273 )1.25-1 
^5 + 27^J 


398 f 
29 sj 


- 4.25 
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Pi = P 5 x 4.25 = 1.0 X 4.25 = 4.25 bar 


Also 


T i ~ *i - T s - 

n Xfl 

=-%- _ (rp 

“ K± ratio' 


T x 

T x -i 


and 


Pi 

r _ (125 + 27 3) 398 

m “° (40 + 273) " 313 = 12715 


160 


= (12175)' 


X X 1.25 
i(125-l) 


4.25 

log, 37.65 = 5x x log, 1.2715 
3.628 = 5x x 0.24 
3.628 


or 37.65 = (1.2715) 5 * 


= 3.02 or say 3 


5 x 0.24 

Hence, number of stages =3 + 1 = 4. (Ans.) 
(**) Work done per kg of air : 

Pressure ratio in 1st stage = 4.25 


Pressure ratio in the following stage = 


f 160 ) 

U. 25 J 

Temperature leaving 2nd, 3rd and 4th stages = 125 + 273 = 398 K (Given) 

r n ~ 1 

Work done/kg in 1st stage = —-— R f ^ 

71-1 s 


= 3.351 bar 


- 1 


1.25 


“ 1.25-1 
Work done in the following 3 stages 


x 0.287 x 298 


1.25 -1 

(4.25) 1-25 _ 1 


= 143.5 kJ 


q 1.25 

= 3 x * 0-287 x 313 

1.25 -1 


1.25 - 1 

(3.351) 125 


= 368.6 kJ 


T otaI work done/kg = 143.5 + 368.6 = 512.1 kj/kg. (Ans.) 

(Ml) Heat rejected in the intercoolers : 

Heat rejected in the intercoolers 


= 3 c p (398 - 313) 

= 3 x 0.997 x 85 

= 254.23 kj/kg. (Ans.) 


c , = c„ + R 


■■ 0.71 + 0.287 = 0.997 kj/kg] 


rated Zpa^lno^ Vf^ f C ° mpreSSOr ™ blast for an oil engine has a 

pressure at the sLtion To Lv'TyliTdeTT'l bar and7t7 T '■ “/."w p^'r °‘ W ° rpm ' Tke 
fractional clearances are 0.04 and 0 07 for IP and HP* We . ry J ,omPlP - cylinder is 95 bar. The 

the end of suction in all cylinders is 25°C i f nZZf' Assumin S the temperature at 

yunaers is 25 C i.e.. perfect intercooling, stage pressures in geometric 


Visit: www.Civildatas.com 



































Visit: www.Vivildatas.com 


738 


INTERNAL COMBUSTION ENGINES 


progression and the law of compression pV 125 = constant, calculate the swept volume of each 
cylinder . The free air conditions are 1.013 bar and 15°C. 

Solution. Refer Fig, 20.37. Since the pressures are in geometric progression (given), 


Pd = Pi 2 = Pi\ 
Pi2 Pn P s 


= z (Pressure ratio). 


Pil = Z Ps 
Pi2 ~ Pil Z = z2 Ps 

Pd = p i2 2 = Z* Ps 



p d = Delivery pressure (H.P. cylinder) 
p i2 = Intermediate pressure-2 
p it = Intermediate pressure-1 
p s = Suction pressure (L.P. cylinder) 



" Pil = zp s = 4.56 x 1 = 4.56 bar 
Pi 2 ~ z Pn ~ 4 56 x 4.56 x,20.8 bar 

T W<L.P.) * * + * ~ * <*)’'* 


- 1 + 0.04 - 0.04 (4.56) w - 25 = 0.905 or 90.5% 
Similarly, (Lp) = r U/ (Hp) = 1 + 0.07 - 0.07 ( 4 . 56 )^ 25 = 0 834 or 33 . 4 % 
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Swept volume of each cylinder 

Volume of free air reduced to suction condition of L.P. cylinder is given by 

P)Y\ „ Pamb. Vqmb. 

Ti T amb ' 

Pamb. Vqmb. j-JL 

^amb. P 1 

1.013 x 10 5 x 10.5 x (273 + 25) _ nQ m 3 / min 
(273 + 15)xlxl0 5 
110 




Swept capacity of L.P. cylinder = 
11.0 


TW(L.P) Xr P m * 

0.1215 m 3 . (Ans.) 


0.905 x 100 

Again volume of free air reduced to suction conditions of I.P. cylinder 
1.013 xl0 5 x 10.5 x 298 


288x4.56x10° 


: 2.41 m 3 /min 


Swept capacity of I.P. cylinder 


2.41 


= 0.089 m 3 /min. (Ans.) 


0.834 x 100 

Again volume of free air reduced to suction conditions of H.P. cylinder 


1.013 x 10 5 x 10.5x 298 
= 288 x 20.8 x10 s 

Swept capacity of H.P. cylinder 

0.629 


5s. 0.529 ’m?/min 


- 0.834x100 = 0 -°° 634m3 - (Ans -) 

Example 20.33. Show that the heat rejected per stage per kg of air in a reciprocating 
compressor with perfect intercooling is given by 


-M 


(T 2 - 7\) 


where (T 2 - Tj) = Temperature rise during compression, 
n = Polytropic index, 
y = Adiabatic index, and 
Cp, c v = Two specific heats of air. 

Solution. In a compressor heat is rejected in two stages : 

(i) During compression when heat is rejected to the cylinder walls ; 
(i ii ) During intercooling. 

Heat rejected during compression 


y -n 

^ x compression 


y-n 

Y-l 


y-n (p 2 V 2 -P\V\\ 
sion work = — . J 


n'srj R . per kg of air 
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initial temperature ^ rC °° lmg the te mperature of air after compression T % must be reduced to 
Heat rejected in intercooling 



. To foil, f .per kg of air 

• • Total heat rejected per kg of air 


y-n R 

y-i * foT - t x ) + Cp ( t 2 - 




fy - n Y| 


C P +C «I 

foil 


\c + JLi 

ft-")] 

L Y-ll 

In-lJJ 


(T* - TJ 


(T 2 - T t ). Proved. 


\* 0 4 ™' The su PP ] y Pressure is 6.3 bl, the supply te ? ? £ W5 Cm ^ a Stroke °f 

1-013 bar. The clearance volume is 5% of the swZ t T*"Tu ’ Bnd exhaUSt press “™ « 
compressed by the returning p lst on after it Ztrauu7,T u ^ ratio “ 0.5. The air is 
compression and expansion is P V‘- 3 = constarTcSi a ° f ** ^ The law of 

and the indicated power of the motor which runs at 300 r the end expansion 

f. 1° "f * «W<W minute. Take R Zl>87 kJlka , 

Solution. Refer Fig. 20.14 * ~ u.Zgy kJfkg K. 


i.e., 


Swept volume 
Clearance volume 




= n x ( 0 . 0635) 2 x 0.114 

4 ” — 0.000361 m 3 

= = ^5 = 0 05 X 0.000361 = 0.000018 m 3 

0.000361 

2 


+ 0.000018 = 0.000198 m 3 

V * = °- 000361 + 0.000018 = 0.000379 m 3 
4 - V 5 = 0.05 x 0.000361 = 0.000018 m 3 
V 4 = 0.000018 + 0.000018 = 0.000036 m 3 
Pi V i n =P 2 V 2 n ' 


Temperature at the end of expansion : 

\rc -1 

T« = T 


6.3 

10.000379 J “ 


2.71 bar 


J ] f nnnmoo\0-3 

‘s = 'l f 

np v 0.000379 } “ * 

Temperature after expansion = 244.4 — 273 = _ 28 6°r ,a . 

Indicated power of the motor: ^ 


244.4 K 


Work done per cycle 
Work done 


P 5 ~ P 4 


V 4 

V 

= Area 1234561 


= 1.013 (M°2°36f 

10.000018J 


: 2.494 bar 




(psPazMi 

l n-l 
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Work done/cycle 




r| 

1 fe 

i * 
"if. 


= 10 5 x 6.3 (0.000198 - 0.000018) 

10 5 (6.3 x 0.000198 - 2.71 x 0.000379) 
(1.3-1) 

- 10 5 x 1.013 (0.000379 - 0.000036) 

10 5 ( 2.494 x 0.000018 - 1.013 x 0.00 0036) 


I.P. = 


= 113.4 + 73.44 - 34.74 
149.29 x 300 


d.3-r) 

- 2.808 = 149.29 Nm 


= 0.746 kW. (Ans.) 


60x1000 

Air supplied per minute : 

The mass induced per cycle is given by (m 1 - m 4 ). It is necessary to determine the tempera¬ 
ture of air at 4, which can be taken as equal to that at 3. It is assumed that the air in the cylinder 
at the point 2 expands isentropically to the exhaust pressure. 


:T, 


T-l 

Y 


= 244.4 


Also, 


KP2) 
P4 * jj4 

rt 4 

P 1 V 1 

RTi ~ 


1.013 Y' 
2.71 J 


= 184.4 K 


1.013 xl0 5 x 0.000036 


287x184.4 

6.3 xl0 5 x 0.000 198 
287x297 


: 0.0000689 kg 


; 0.001463 kg 


Induced mass/cycle = (0.001463 - 0.0000689) kg 

Mass of air supplied/min = (0.001463 - 0.0000689) x 300 = 0.418 kg/min. (Ans.) 


20.4. ROTARY COMPRESSORS 

• Rotary compressors are the machines which develop pressure and have a rotor as 
their primary element when compared with the piston sliding mechanism of the recip¬ 
rocating compressor. 

• Whenever large quantities of air or gas are required at relatively low pressure rotary 
compressors are employed. 


20.4.1. Classification 

The rotary compressors are classified as follows : 

1 . Displacement (positive) compressors : 

( i ) Roots blower 

(ii) Sliding vane compressor 
(Hi) Lysholm compressor 

( iv ) Screw compressor. 

2 . Steady-flow (or Non-positive displacement) compressors : 

( i ) Centrifugal (or radial) compressor 

(ii) Axial flow compressor. 
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20.4.2. Displacement Compressors 

tra DO pfin P t l ^ em T‘ ^ ompres f rs ’ “ r f those compressors in which air is compressed by being 
trapped in the reduced space formed by two sets of engaging surfaces. S 

20.4.2.1. Roots Blower 

hi . ,. The two lob e type is Shown in Fig. 20.38, but three and four lobe versions are in use for 
drfven frnm th r V a /°r S ' u r ° t0rS iS COnnected to the drive and the second rotor is gear 

or in vnhUe f* fir ^ hlS ?‘ y r ° t0rS r0tate in phase and the P rofile of the lobes is of cycloidal 

seahng con^uefTrn ‘7r g ° f i0b6S t0 Sealthe dellve ^' side from the inlet side. This 

„ .?f. ° ntiunt,1 ‘ del'very commences. There must be some clearance between the lobes 
and between the casmg and the lobes, to reduce wear, this clearance forms a leakage path which 
has an mcreas.ngly adverse effect on efficiency as the pressure ratio increases. 

To receiver 



Fig. 20.38. Roots blower, two lobe rotors. 

disnlactd r Ch !! de f 5 t , haeach lobe faces its side of the cas ' n g a volume of gas V, at pressure p., is 
volume f ‘ h<3 dehvary u slde at instant pressure. A further rotation of the rotor opens this 

reC61V ; r ’ !, nd the gaS fl ° WS back from the receiver > «ince this gas is at a-higher 
and then lh, mducedl 7 COm P ressed irreversibly by that from the receiver, to the pressure p 2 
and then delivery begins. This process is carried out four times per revolution of the driving shaft 

to n ■ For th,s machine the p-V diagram is shown in Fig. 20.39, in which the pressure rise fromp, 
to P 2 is shown as an irreversible process at constant volume. 1 

Work done per cycle * = (p 2 ~ pf)V 

Work done per revolution = 4 (p 2 -p 1 )V ...(20 48 ) 

If V s is the volume dealt with per minute at p t and T x then 

Work done/min. =(p 2 - Pl )V, ...[20.48 (a)] 
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Fig. 20.39.p-V diagram for roots blower. 

The ideal compression process from p x top 2 is a reversible adiabatic ( i.e ., isentropic) process. 
The work done per minute ideally is given by, 

, Y-i 1 


Work done/min. 


~[Pl V s 


• 1) 


Then a comparison may be made on the basis of a Roots efficiency, 

Work done isentropically 

Roots efficiency 


Actual work done 


' .izl 1 

— p v . 

i-i 1 s 


V s (p 2 -Pi) 

1 

f ^ i 


r ’ - r 


Also, 


Y 

Y-l 


Roots efficiency 


p 

R 


PlV s (r-l) 


111 

(r) Y -1 


Pi 


(r-1) 


...(20.49) 


In case of a Roots air blower values of pressure ratio, r of 1.2, 1.6, and 2 give values for the 
Roots efficiency of 0.945, 0.84 and 0.765 respectively. These values show that the efficiency de¬ 
creases as the pressure ratio increases. 

This machine has a number of imperfections but is well suited to such tasks as the scav¬ 
enging and supercharging of I.C. engines. 
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Vane Type Blower 

and supported by ball and the end rot ° r , mounted eccentrically in the body, 

the blades which are of a non- metallic material usually^re Ire 1S slotted to tak e 

the inlet passage, compression begins due'to decrea 7 ^ , ’J 011 - As ea ° h blade moves P as t 

Delivery begins with the arrival of each blade at theTf ^ W6Cn the rotor and casing, 
differs from that of the Roots blower in that some or all JthI^ ^ of compression 
trapped volume is opened to delivery. Further cornel compression is obtained before the 

from the receiver which occurs in an irreversible manner" *“ by the back ' flow of air 


ii 

!■ " 



Fig, 20,40. Vane type blower. 


^Compression occurs to the pressure'p^Uieid^form for ° 1Ume atp ^, essure and temperature 
At this pressure the displaced gas is opened to the rZ. f an uncooled machine being isentropic. 
raises the pressure irreversibly to p The work done a"™ floWlng back from the receiver 

following expression : 2 k done per revolution with N vanes is given by the 








w = 5— p v 

y-l p i*i 



+ N(p 2 - p i )V i 


• ••(20.50) 


pressure rise. ^ reqUlre less work compared to roots blower for the same capacity and 

" ’ -m.fr „»„ „ „„„ 150 m , ^ r>tto ^ 


8.5. 


I he speed limit of a vane blower is 3000 r.p.m. 


-U 
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Fig. 20.41. p-V diagram for vane blower. 

through half the pressure range. * ^ ***“ mternal impression takes place 

Solution. Inlet pressure, p x = 1.013 bar 

Pressure ratio, ^ - ic 

Pi “ L5 

_ P 2 = 1-5 Pi = 1-5 x 1.013 = 1.52 bar. 

For the Roots blower, refer Fig. 20.42. 
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Work done/rev. = (p 2 -pi)V s 

10 5 x 0.03 

= (1.52 - 1.013) x - ^3 - = 1.52 kJ. (Ans.) 

For the Vane type, p = 1,52 +1,013 = 1.266 bar 

2 

Refer Fig. 20.43. 

Work required = (Area A + Area B ) 


Now, 


Area A = ^ p.V 

7-1 1 8 



1.4 1.013 xl0 5 x 0.03 

1.4-1 X 10 3 


1 . 4-1 

1.266^ 1.4 

1.013 J 


kJ/rev. 


= 3.5 x 1.013 x 100 x 0.03 x 0.066 = 0.702 kJ/rev. 



Now, 


Area 



1.013 j 

1.266 J 


= 0.0256 m 3 


„ (1.52 -1.266) xl0 5 x 0.0256 

B = -—j- = 0.65 kJ/rev. 

10 3 


Work required = 0.702 + 0.65 - 1.352 kJ/rev. (Ans.) 

Example 20.36. A roots blower compresses 0.08 m 3 of air from 1.0 bar to 1.5 bar per 
revolution. Calculate the compressor efficiency. 


•V 

•jg 
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V = 0.08 m 3 
p x = 1.0 bar 
p 2 = 1.5 bar 

Actual work done, ^actual = (Pa “ Pi) ^ = 10 5 (1.5 - 1 . 0 ) x 0.08 = 4000 Nm. 


Solution. Volume of air to be compressed, 
Intake pressure, 

Pressure after compression, 

Also ideal work done per revolution is given by, 


W i ^=^ T P 1 V 1 
1.4 


tY-Wr 


El\ -i 
Pi 


14-1 


: 1.0 x 10 5 x 0.08 


■ 

L4-1 

( 1.5 

\ 14 1 

b. 

J - 1 

. 

. 


= 3438.89 Nm. 


W, 


ideal 


1 compressor 


3438.89 

4000 


= 0.8597 or 85.97%. (Ans.) 


20.4.3. Steady-flow Compressors 

The compressors in which compression occurs by transfer of kinetic energy from a rotor 
are called Steady-flow compressors . 

The centrifugal type of compressor was used in the earliest gas turbine units for aircraft. 

• For low pressure ratios (no greater than about 4 : 1) the centrifugal compressor is 
lighter and is able to operate effectively over a wide range of mass flows at any one 
speed, than its axial-flow counterpart. 

• For larger units with higher pressure ratios the axial flow compressor is more efficient 
and is usually preferred. For industrial and large marine gas turbine plants axial flow 
compressors are usually used, although some units may employ two or more centrifu¬ 
gal compressors. 

— For aircraft the trend has been to higher pressure ratios, and the compressor is usually 
of the axial flow. In aircraft units the advantage of the smaller diameter axial flow 
compressor can offset the disadvantage of the increased length and weight compared 
with an equivalent centrifugal compressor. 

Advantages of centrifugal compressors over axial flow compressors : 

1. Smaller length. 

2. Contaminated atmosphere does not deteriorate the performance. 

3. Can perform efficiently over wide range of mass flows at any speed. 

4. Cheaper to produce. 

5. More robust. 

6. Less prone to icing troubles at high altitudes. 

Disadvantages : 

1. Large frontal area. 

2. Lower maximum efficiency. 

Uses : The centrifugal compressors are used in : 

(i) Superchargers (it) Turbo-prop. 

• Centrifugal compressors are preferred where simplicity, light weight, ruggedness 
are more important than maximum efficiency and smaller diameter. 
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20.4.3.1. Static and Total Head Values 

pressors are very large Zd therefore " Centri ^l com. 

centrifugal compressors. The total head quantities take int n“ ^ ^ C ° nsldered while analysing 
passing through the compressor. * account the kinetic energy of the air 

20 r »“ * « flowing <Rg 

>»•* •'■".Sr L 1 * « f »' flow <.»umfng £ 


i + PitV 




p 2 

= Uj + p 2 0 2 + -|- 


Ul + Si + |u =Uj+ ^ + c^ 

I J 2gj j 2g J 


■ in MKS units 



h i + 




jr + 


cl 

2 

9l 

2 

9l 

2 


= Ao 


r J 
2 


8 C p r 2 + 


= constant 


-(20.51) 


© 


Q = 0 



Fig. 20.44 

» •’.""ZrzlZT^LTJ!^ 

brought to rest under reversible conditions the total kinet’ & ^ y° c * ty ' If tlj e moving air is 

air IS known as “ stagnation ” or “ total head’' ,11 ' ™ tem Perature and pressure of the 

perature and pressure are denoted by a suffix notation^’ ^ preSSUre ' The total head tem- 

->2 


C 

C ^ + T 


= cT n 


where T 0 is known as total head or stagnation temperature 


...(20.52) 
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c 2 

T 0 -T= — 
0 2c n 


...(20.53) or 


A 0 ~A = 


For finding the total head pressures, use the equation, 


Y 

Y-l 


...(20.54) 


...(20.55) 


*> f?o 

p 

% where, p - Static pressure, 

T = Static temperature, )■ 

p 0 = Stagnation pressure, and 
T q = Stagnation temperature. 

Adiabatic process and isentropic process : 

• In adiabatic process the system does not exchange any heat with the surroundings 
i.e., no heat enters or leaves the working fluid externally. The ideal reversible adi¬ 
abatic process is called isentropic process and in this process entropy remains con¬ 
stant. 



Fig. 20.45. Total head and static quantities on T-s diagram. 

• During adiabatic compression in a rotary compressor there is friction between molecules 
of air and between air and blade passages, eddies formation and shocks at entry and 
exit. These factors cause internal generation of heat and consequently the maximum 
temperature reached would be more than that for adiabatic compression. This results 
in a progressive increase in entropy. Such a process though adiabatic is not isentropic. 
The heat generated by friction etc. may be removed continuously with the result that 
the process might not involve any entropy change. The process would then be isentropic 
but not adiabatic as heat has been tratisferred. 

Isentropic efficiency. *Isentropic efficiency” of rotary compressor may be defined as the 
ratio of isentropic temperature rise to actual temperature rise. 
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With reference to Fig. 20.45, which represents a combined diagram for static and stagna¬ 
tion (total head) values, we have 

Isentropic temperature rise 


Isentropic efficiency = 




Actual temperature rise 
^02 / ~ Tqi 


...based on total values ...[20.56 (a)] 


= ~~ —= 7 - ...based on static values ...[20.56 ( 6 )] 

■*2 “ -M 

During compression process work has to be imparted to the impeller. The energy balance 
equation would then yield : 

.2 n 2 


e A 


r 2 

+ ~ l - 


C pl 2 + ' 


- w 


C pT \01 “ c p^02 ” ^ 


Thus the work input is the product of specific heat at constant pressure and temperature 
rise. This relation is true both for adiabatic and isentropic processes. 

From eqn. 20.56, 


Isentropic efficiency. 


^ ' 


Asen = ' 


c p(^o 2 ~ Toy) Isentropic work 


...(20.58) 


c p (T 02 -T 0l ) Actual work 
Thus the isentropic efficiency of a rotary compressor may be defined as the ratio of isentropic 
compression work to actual compression work. 

20.4.3.2. Centrifugal Compressor 

Fig. 20.46 shows a centrifugal compressor (with double sided impeller). It consists of the 
following parts : 


Compressed 



air COMPRESSORS 

... i i ' 

1. Curved radial vanes. A series of curved radial vanes are attached to and rotate with the 

shaft. 

2. Impeller. The impeller is a disc fitted with radial vanes. The impeller is generally forged 
or die-casted of low silicon aluminium alloy. 



Fig. 20.47. Impeller (single-eyed) and radial vanes of centrifugal compressor. 


$ 



-f 


Air out 


ttn 



uu 


Air out 

Fig. 20.48. Double eyed impeller. 



II 



j 
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The ■ 11 'nternal combustion engines 

1 of doSr -d d raWn ^ °“ b ° tb 6i ‘ her Side ° f the com P re ssor 

3. Casing. The casing surrounds the rotating impe n er 

I WortT; diffUSer iS h ° USed in 3 "*"> of the casing. 

r • Air enters the eye of the "impeller- ^ _ 

j|' atmospheric pressure p v Depending unon^T 0 r « with a low velocity C and 

r , move " radia,] y outwards and during its aCti ° n of the ™Peller the air 

, Pe ertransi,ersthe energy of the drive M ft. t ‘ SgUldedby theim P eIIe r vanes The 

^ a ” d temperature, and Crease i^ve o ^ LeTth" 8 " 8 3 ^ b °‘ b in £Tp!£ 

be P 2 and C 2 respectively. The work input equrtl the rT™*^ PreSSUre and ve locity 
• The a 'r now enters the diverein* P , Q 1 th n$€ ln total temperature. * 
down. The kinetic energy is converted^nto pres “? iffU * er " where U is efficiently slowed 
; . ff a f urth ?r rise in static pressure Let the W j energy With the re sult that there 

and P3 di^ d Th \ ChangeS af P~ fnd veToZ o^i 88 " 6 ^ the 

i; ffuser are shown in Fig. 20.49. y air passin g through the impeller 



Pig. 20.49. Variations of pressure and velocity of „• 

• In mrlj M 

compressor. For higher ratios, multi-stave c ^ with ‘^e-stage ceftr£ 
pressors, the outlet of the firststage is ^n a ? S edT P r SOrS are USed ' In multi-stage corn- 

20 4 3 21 vV 1 IS P ° SSib,e With mufti-stage centriffig a Tc° nd 3nd S ° ° n ' A Pressure 

20.4.3.2.1. Velocity Diagrams and TheorvofOn! 

Let ' Cw > = Me an blade velocity at entrance,' ’° n ^ Ce " trifUgal Compr *ssors 

C u 2 = Mean blade velocity at exit. 
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C i - Absolute velocity at inlet to the rotor, 

C 2 = Absolute velocity at outlet to the rotor, 

Cr i = Relative velocity of air at entry of rotor, 

C r 2 = Relative velocity of air at exit of rotor, 

Cw i ~ Velocity of whirl at inlet, 

= Velocity of whirl at outlet, 

Velocity of flow at inlet, 
c f 2 = Velocity of flow at outlet, 

a, = Exit angle from the guide vane or inlet angle of the guide vane, 

Pj = Inlet angle to the rotor or impeller, 

P 2 = Outlet angle from the rotor or impeller, and 
^ **2 = angle to the diffuser. 

V that f ■ 5 „^ b0WS the ; eloc ;f y dia » ** the inlet and outlet of the impeller. It is assumed 

I ^ ^ ^ ° fthe alr “ W - therefore the whirl component at the inlet (C,„,) is 2ero and 

‘ th r,n^ C ^ Cfl ' The enlarged " 6WS ° finlet and outla t velocity diagrams are shown in Fig. 20 51 (a) 

tfairatinte'oJouTtLTtt V"? tht blademust be Pallet to the relative velocity 

The diffuser blade mule mi Th™ ^ ^ tbe lmpeUer blade an gles at the inlet and outlet, 

therefore a isthedifff m*h * parallel to the absolute velocity of air from the impeller (C,) 

If the discharge from the dff* —® 3t r 6 in ' et 3nd “ 3 ' S the diffuSer blade an S le at the outlet! 
small as posstu # ‘ S clrcum f erent “* ‘hen ^ blade angle at outlet (a 3 ) should be as 
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u n _J 



c 

~'»2 



|4- 





■^l«2 



p 2 y ■ 


'-bh 

Inlet velocity 
diagram 

(a) 


Outlet velocity 
diagram 
(*» 


C rl 2 =CZ h+ C 1 2 -2C bl C wl 

-y2 . 


(20.59), we get 


W = 


cl-cl 


r 2 _ r 2 
. zn 


r 2 ■ 





Fig. 20.51. Velocity diagrams. 

Work done by impeller (Euler’s work) : 

The work supplied to a fluid in a stage of compressor may be found by applying the 
moment of momentum theorem. Consider 1 kg of working fluid passing through the impeller. The 
theoretical torque which must be supplied to the impeller will be equal to the rate of change of 
moment of momentum experienced by the working fluid. 

The theoretical torque = (C w2 • r 2 - C^rj), where and r 2 are the radii at the inlet and 
outlet of the impeller respectively. 

If w is the angular velocity in rad/s, the work done on 1 kg of fluid will be, 

W = Theoretical torque x angular velocity 

~ • r 2 ~ C„i . Tj) (0 

= ^u> 2 • r 2 * W ~ i . Tj . (0) 

° r V = C w2 C bk - C wX C bh = h o2 - h A = c p (T o2 - T ol ) ...(20.59) 

The above equation is known as Euler’s equation or Euler’s work. 

If the working fluid enters radially i.e ., if there is no prewhirl, C wl - 0, then 

W=C w2 ■Cw.J/kg ...(20.60) 

Using the inlet and outlet velocity triangles, we have 

r2 . 2 


Cr 2 ~ C bl 2 + C 2 2 “ 20^2Cu, 2 
Inserting the values of C w2 . C «2 and c wi • c bl x from the above expressions (i) and ( ii ) in eqn. 


...(20.61) 


2 2 2 
First term Second term Third term 

— The first ^erm shows the increase in K.E. of 1 kg of working fluid in the impeller that 
has to converted into the pressure energy in the *diffuser\ 

— The second term shows the pressure rise in the impeller due to ‘ diffusion action 9 (as 
the relative velocity decreases from inlet to outlet). 

— The third term shows the pressure rise in the impeller due to * centrifugal action ’ (as 
the working fluid enters at a lower diameter and comes out at a higher diameter). 

Thus the fraction of K.E. imparted to the working fluid and inverted into pressure energy in 
impeller is given by 


m 
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c l 


r 2 r 

c bi 2 - L > 


2 2 

where p is the density. 

If the diffuser outlet velocity is C 4 , then 

C 2 - C A 


« L= f 2 dP_ 

Jl p 


...(20.62) 


h p 




Power required per impeller for m kg of air flow in one second, 


p _ m Cbl 2 kW using eqn . (20.60) 

1000 


...(20.63) 


_ If the blade is radial (ideal case), then the velocity diagram at the outlet of the nnpeller 
is as shown in Fig. 20.51. As ^ = Q, , the work done per kg of air flow per second » 

s iven hy c 2 ...(20.64) 

Since the air cannot leave the impeller at a veloci^ greater than the impeller tip velocity, 
the assuming the heat 
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- C P T m ~ c p T 01 = c p (T 02 - T 01 ) 
T, 


w = c T 
Vox 


= c p T oi 


*--1 


= ^ox 


Poll 

P 01 J 


Y-l 


, e? 1 

y-l 

'Poz) y 
,P2j 



tJ 

Pm.) Y 

L l 

A J 


Y-l 

'p^Ol 

(f p0 ) Y 

1. 


INTERNAL COMBUSTION ENGINES 
-(20.65) 


-1 

J 

-1 


-(20.66) 


—t, » jjf ensures. 

In most practical problems, C = C then equations (20.65) and (20.66) are reduced to 

” ~~ V ■* n — 1 ■,) 

1 . -..(20.67) 

y-l T 


“, T 1 


&» y -1 


Now from eqns. (20.64) and (20.66) 


...( 20 . 68 ) 


If 


°2-c p T m 


P02 
P 01 
Ci = C 2 


Pp 2 
, A)1 


Y-l 


^ 1 


C pT 01 


+ 1 


Y 

Y-l 


£2 

Pi 


- + 1 


Y 

|y -1 


-(20.69) 


-(20.70) 


te'"’"’ “ " r “• «■*< - “• - Wr d<p,»d, upon ft. 

® Mass flow of air through the compressor. 

(«) Total temperature at the inlet of the compressor. 

velocity. > ° ** pressure ratl ° of the compressor which depends upon the square of the impeller tip 
In the above analysis : 

P 01 = Stagnation pressure at inlet of the compressor ; 

T oi - Stagnation temperature at inlet; 
p 0 2 = Stagnation pressure at outlet; 
r 02 = Stagnation temperature at outlet; 

Pj = Static pressure at inlet; 
r i = Static temperature at inlet; 
p 2 = Static pressure at outlet; 

T 2 ~ Static temperature at outlet. 
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20.4.3.2.2. Width of Blades of Impeller and Diffuser 

If the mass of the air flowing per second is constant and is known, then the width of blades 
Sf impeller and diffuser can be calculated as'follows : 

Let, rh = Mass of air flowing per second, 

= Width (or height) of impeller at inlet, 

C/i = Velocity of flow at inlet of the impeller, 

= Volume of 1 kg of air at the inlet, 

*T - Radius of impeller at the inlet, 

Then rh - ^ ume °f a i r flowing per second 271^ x 

Volume of 1 kg of air 
But as the air is trapped radially, 

c h = C, 

_ fr| x C, 


b 1 = 


u i 
rh Vi 


...(20.71) 


...[20.71 (a)J 


2% r 2 C x 

Similarly the width of impeller blade at the outlet can be found by using suffix 2 in 
eqn. (20.71) 

27tr 2 b 2 x Cf 2 


v 2 


...(20.72) 


The width or height of the impeller blades at the outlet and height of diffuser blade at the 
inlet should be same theoretically. 

The width or height of the diffuser blades at the outlet, is given by 

m _ 2nrd bd xCfd 
v d 

where suffix d represents the quantities at the outlet of the diffuser. 

n - Number of blades on the impeller, and 
t - Thickness of the blade, 

then eqns. (20.71), (20.72) and (20.73) are expressed as follows : 


...(20.73) 


(27tr, - nttyJCf 
rh ~ - ~ 

m- 

v 2 


...(20.74) 

...(20.75) 


(2 nr d -nt)b d Cf d 

v d 


...(20.76) 


20.4.3.2.3. Isentropic Efficiency of the Compressor 

The following losses occur when air flows through the impeller : 

(i) Priction between the a.r layers moving with relative velocities and friction between the 
tir and flow passages 
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(ii) Shock at entry 
(Hi) Turbulence caused in air. 

The tosses! mentioned above cause an increase in enthalpy of the air without increase of 
te“t Ur V c tl l C “ Ctual temperature of air coming out from the compressor is more than the 
emperature of air if it is compressed lsentropically. The actual work required for the same in¬ 
crease in pressure ratio is more due to irreversibilities. The actual and isentropic compression for 
the same pressure ratio is shown in Fig. 20.53. 

The isentropic efficiency is given by the relation, 

_ Isentropic work _ h 02 ' - h Q1 
Actual work h 02 - /i 01 



provided specific heat at constant pressure (c p ) remains constant. 


If Cj = C 2 , then 


htscn 


T£zl i 

t 2 ~t x 


...(20.77) 

...(20.78) 
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20.4.3.2.4. Slip Factor and Pressure Co-efficient 

In the earlier analysis it was assumed that Q, 2 = Cbl 2 but this condition is not satisfied in 
actual practice due to secondary flow effects and therefore in actual compressors Qw 2 < ^bl 2 . 
The difference between (- C^ 2 ) is known as slip. 

Slip factor (<|> s ). It is defined as the ratio of actual whirl component (C W2 ) and the ideal 
whirl component (C^ ' 

_ ^ 




= 1 if C iot - C bl 2 


...(20.79) 


The stagnation (total head) pressure ratio is given by 


P02 
Po 1 



r =1 


UiJ 

l 1 

l ^01 J 


Y-l 

y 


Substituting the value of ( T^ - T 01 ) from eqn. (20.77), we get 

_T-1 


P 02 

Poi 


2 t ^02 ~ joj) 


...(20.80) 


As per eqn. [20.60 (a)), the actual work done per kg of air is given by 
c p^o 2 ~ r 0 i> = - Cu> 2 

The actual work done per kg of air by the compressor is always greater than C bi ^ C W2 due to 
fluid friction and windage losses, therefore the actual work is obtained by multiplying ^bl 2 C W2 by 
a factor $ known as work factor or power input factor. 

C p(T 02 ” 2 Cwt 

T T - 
1 02 ” 1 01 ~ 


...(20.81) 


p 

Now substituting the value of eqn. (20.81) into eqn. (20.80), we have 


£02 

Poi 




_Y“ 1 


c p T 0 i 


Now substituting the value of from eqn. (20.79), we have 


P02 

Poi 




Y-l 


Cp Tqi 


.,.(20.82) 


Pressure Co-efficient (§ p ). It is defined as the ratio of isentropic work to Euler work. 

Isentropic work c p (T 02 / - 7qi) 
tp ” Euler work ~ C b [ 2 C W2 

Using eqn. (20.77) and assuming the vanes of the impeller are radial and counter flow of 
fluid is neglected (C W2 ~^bl 2 ) 

c p h isen (To2 ~ ^0l) 

♦p®- 7^2 - 
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Now using eqn. (20.81) which is 

C P (T 02 - T n ) = <j> w C 6/j = : 


internal combustion engines 


_ ^ C w? T )^e„. 
2 




Os ^ism. ...( 20 . 83 ) 

of blades are utilized in the impelkrTof'entl-ifaea1 h comnr«^ rf ° rmanCe ’ The fo]Iowin g shapes 


} of centrifugal compressors : 
1. Back ward-curved blades (p 2 < 90°) 


2. Radial-curved blades (p 2 


: 90°) 


3. Forward-curved blades (p 2 > 90°) 

Fig. 20.54, shows the relative performance n f 
blades. Centrifugal effects on the curved blades create a bend- 
ing moment and produce increased stresses which reduce 
he maximum speed at which the impeller can run. 

* ^ n °™ aIly bacl ™ ard blades/vanes with p 2 between 
f r. are ^Ployed except in cases where high 
head is the major consideration. 

• Sometimes compromise is made between the low 

energy transfer (backward-curved vanes) and high 
out et velocity (forward-curved vanes) by usingra- 
dial vanes. 6 

Advantages of radial-blade impellers ; 

1. Can be manufactured easily. 




Fig. 20.54. Characteristics of 
backward-curved, radial-curved, 
and forward-curved vanes. 


<iuu jorwara-curved vanes 

3 ; i: e w etr:ttr z zr iameter - **—« 

efficient ““ fa ^ser, giving High pressure ratios with good 

designers ^Pair-craft ^ ^ of the 

20.4.3.2.6. Diffuser System 

process. role in °veraU compression 

efficiently as possible, the 'diffuser' converts this i *****? . th * a,r b y increasing its velocity as 
radial-bladed impeller, the diffuser contributes about one h ifr u ene '®’ to P ressure -™e. For a 
In the vaned diffuser the vanes areTsedt l ° Vera11 Static P^sure-rise. 

than is possible by a simple increase in radius thereby red 6 W . hlfl ^ fluid at a higher rate 
diameter. The vaned diffuser is advantageouTwVre lmflf S ^ ° f fl ° W P ath and 

craft engines. ^ Where smalt SLZe » important as in the case of air■ 
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Vaned 

diffuser 


Diffuser 

vanes 


Fig. 20.55 shows a typical vaned diffuser. There impeller 

, is a clearance between the impeller and vane leading 
■ edges amounting to about 10 to 20% of the diameter 
for compressors. This space constitutes a vaneless dif- 
fuser and its functions are : 

(0 To smooth out velocity variation between 
the impeller tip and vanes. 

(ii) To reduce the circumferential pressure gra¬ 
dient at impeller tip. 

(iii) To reduce the Mach number at entry to the 
Vanes. 

The flow follows an approximately logarithmic 
spiral path to the vanes after which it is constrained 
by the diffuser channels. For rapid diffusion the axis 
of the channel is straight and tangential to the spiral. 

The design of the passages is usually based on the simple channel theory with an equivalent degree 
of divergence ranging between 8 to 12° to control separation. 

• The number of diffuser vanes has a direct bearing on the size and the efficiency of 

the diffuser. " ... ‘ 

• When the number of diffuser passages is less than the number of impeller passages a 
more uniform total flow results.s 

Diffuser efficiency is defined as, 

n - tP2 ~ Pi) 



Fig. 20.55. Typical vaned diffuser. 


...(20.84) 


2 g 


(Cl - C 2 2 ) 


Suffices 1 and 2 denote upstream and downstream conditions of diffuser and w is the weight 
density. 

In order to achieve higher diffuser efficiency, the following points need be considered at the 
time of design : 

1. The entrance blade angle of the diffuser must be such that air impinges on it with a small 
angle of attack. 

2. Sudden changes in flow are to be avoided, After the air leaves the diffuser, it must be 
turned through 90° to flow in an axial direction to the combustion chamber. This turning may be 
achieved by vanes installed in the diffuser below. 

3. The area of the flow passage must be large enough to handle the air and it must expand 
within certain maximum and reasonable limits. 

20.4.3.2.7. Losses in Centrifugal Compres¬ 
sors. The losses in a centrifugal compressor may be 
categorized as follows : 

1. Friction losses. These losses are propor¬ 
tional to C 2 and hence proportional to m 2 . 

2. Incidence loss. These losses in terms of drag 
coefficient C D is proportional to C D C 2 . 

Fig. 20.56 shows the variation of losses with 
respect to the mass flow rate. 



Fig. 20.56. Variation of losses with 
respect to mass flow rate. 
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20.4.3.2.8. Selection of Compressors Geometries. The various compressors’ geometries 
are selected on the basis of the following : 

1. Number of blades in impeller 

2. Blade angles 

3. Impeller diameters 

4. Impeller widths 

5. Impeller material 

6. Vaneless diffuser 

7. Vaned diffuser. 


~ . 1 Number of blades in impeller. The optimum number of blades which gives the best 

efficiency can be chosen by experience for a particular requirement. A number of empirical rela¬ 
tions are available for calculating the optimum number of blades. 

• Vincent suggests that the optimum blade number varies from 18 to 22 for radial bladed 
impeller having diameter from 25 cm to 36 cm. 

2. Blade angles : 

• Among the outlet and inlet blade angles, the former influence the latter to a great 

• The inlet blade angle, within the reasonable limit, does not affect the performance and 
Its optimum value is about 30° to 35°. 

followinVequa e t! 1 ons dia,,leterS ' ** ** “ P impe,Ier diameter is Ca,CU,ated * 


Actual work input = q2 j/fcg 


and 


r nD 2 N 

Cbl ^~W~ 




...(«) 


After knowing the tip diameter, the inlet diameter is calculated from the value of diameter 


ratio. Generally ~ varies from 1.6 to 2. 

“1 

i ^' I ?u P€l ! er , Wldth * ^ h are the blade width at inlet and outlet of impeller then 
neglecting the thickness of the blades it is calculated by the equation 


m - 'nd l b l Cf x Pi - nd 2 b 2 C^p 2 


Generally Cf -Cf 


casted ° f ^ CentrifUEal C ° mPreSSOr " genera ' ly f ° rged ° r die 

6. Vaneless diffuser. The function of vaneless diffuser or space is to stabilize the flow for 
s ockless entry into the bladed diffuser and to invert some portions of K.E. into pressure energy. The 


; *—-Jjicaauie euurgy. 1 lie 

diameter ratio of vaneless to impeller tip diameter varies from A = 1/0 06 tg l u 

GeneraliJ 6 '-l ^ ® '2?“" iS assuraed to be lo g arithmic spiral, hence oc, = a 3 . 

nerally b 2 -b z - width of vaneless diffuser. In some cases b 3 > 6 ^ 3 

7. VariPfl Hiffncar TVm n.aUi j:_j. ^ c ,1 , ..._ 


# , „ , 7 - y a r d d ! f £ user - The outlet diameter of the vaned diffuser depends upon the choice for 

the velocity desired from the outlet of the compressor. 

tion in %foser U Zzf'™“ ded ff“ ser dimensions of the machine can be reduced due to reduc- 

non m diffuser size . The outlet diameter is calculated by the equation, 

m = *d 4 b 4 C 4 PP 4 sin a 4 


where 6 4 = b 2 = b 3 . 


4 
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— The number of vanes may vary from 10 to 30 but should not coincide with number of 
vanes in impeller to avoid resistance. 

— — may vary from 1.25 to 1.6 and the maximum diffusion angle is around 10°. 

#3 

• Isentropic efficiency of vaned diffuser at design condition is higher than that of vaneless 
but its off-design performance is poor than that of vaneless . 

20.4.3.2.9. Compressor Characteristics. When flow is taking place in an impeller chan¬ 
nel, there are certain inlet losses, friction and separation losses and discharge losses in the dif¬ 
fuser. If these losses and the effect of slip and non-uniform distribution of radial velocity around the 
periphery of the impeller are taken into account, the head-capacity characteristic for the back¬ 
ward-curved vanes would take the form LM as shown in Fig. 20.57. 



Fig. 20.57. Actual characteristics of a centrifugal compressor. 


20.4.3.2.10. Surging and Choking. 

Fig. 20.58 shows a typical characteristics of a 
centrifugal compressor at one particular sped. 
Consider that the compressor is running at 
point N : 

• If now the resistance to flow is in¬ 
creased (say, by, closing the valve 
provided at the delivery line of the 
compressor), the equilibrium point 
moves to M. 

• Any further restriction to the flow 
will cause the operating point to 
shift to the left, ultimately arriving 
at point L. At this point maximum 
pressure ratio is obtained. If the 
flow is. still reduced from this point 
then the pressure ratio will reduce. 



Fig. 20.58. A typical characteristic at one 
particular speed. 
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At this moment, there is a 

compressor delivery and the flowstlps^mav ^ d ° Wnstream system than the 
• After a short interval of time comnZ * ’ Wrm in directi °n. 

to increase from a very low value and^ **?** d ^ iver /*««* The pressure 
If the downflow conditions are unchanged tZ ^ ^ight to left 

known" ^ CyC,e wi » *• repeal SS f&fiT Wiil b ~ ak 

known as surging or pumping. This instabili,- ^fr^ncy. This phenomenon is 
ducmg high pressure ratios> vUcZZZZ -?, Wl1 6 * severe in compressors pro 

. T PaCt l ° ads and high-frequency vibration * Phsical dama 8* due to 

Owing to this particular phenomenon of 

That Cmn0t ^ 0perated at °ny point left If ^" Pm ® at low mass flow rates the 
That is, ,t cannot be operated ^ the £. '#4 the •»*, pressure ratio po . n( 

On the characteristic, the following situation har enstic 

ii 

if 

• Fig. 20.59 (a) shows the relationshin h C ° mpressors 

TO tho /to. „„ 
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f 10 °~ 

* 80 
>» 
o 
c 
3 

o 60 “ 
"o 

1 40- 
« - 

2 20-1 



0.60.7 0 8 0.9 1.0 

- Relative to design values 


0 0.2 0.4 0.6 0.8 1.0 1.2 

VT~ 

Relative to design values —v 
Pol 

(d) 

Fig. 20.59. Performance curves of centrifugal compressor. 

• Fig. 20.59 (6) shows the performance and constant efficiency curves. 

f“ ah .. a pl , ot f° es " ot take int0 account the varying inlet temperature and pressure. In 
addition to this these plots cannot show the comparison of performance for similar 
compressors of different sizes. To account for all these, the performance curves are 
plo.ted with dimensionless parameters-. These dimensionless parameters are : Pressure 

ratio, & ; speed parameter, and flow parameter —^ [Fig. 20.59 (c) and (d)] 

V 1 Pi 

150 Cent ! ifugal compressor used as a supercharger for aero-engines handles 

velocity is 80 ° n P ressure an d temperature are 1 bar and 290 K. The suction 

CaTculate ^ compression m the impeller the conditions are 1.5 bar 345 K and 220 m/s. 

(i) Isentropic efficiency. 

(ii) Power required to drive the compressor. 

{iii) The overall efficiency of the unit. 

sure in t thfdiffL7r SUmed ^ ** ° f air gained in the im P eller * entirely converted into pres- 

Solution. Given : rn = ~ = 2.5 kg/s ; p, = 1 bar ; T 1 = 290 K ; C, = 80 m/s ; 

p 2 = 1.5 bar ; T 2 = 345 K ; C 2 = 22C m/s. 

(0 Isentropic efficiency, j|. : 

f=fef=(¥P 

or T 2 = 290 * 1.1228 = 325.6 K 


= 1.1228 


Isentropic work done = c (T' - T ) + 

p 1 2 x 1000 


= 1.005(325.6 - 290) + 


- (80) 2 


2 x 1000 
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Work done in the impeller = c p (T 2 - T x ) + 

= 1.005(345 - 290) + 


= 35.778 + 21 = 56.78 kJ/kg. 

(220) 2 - (80) 2 
2 x 1000 

(220) 2 - (80) 2 
2 x 1000 
= 55.275 + 21 = 76.27 kJ/kg 
_ Isentropic work _ 56.78 


Actual work 76.27 
(ii) Power required to drive the compressor, P : 

P= to x Work done in the impeller (kJ/kg) 
= 25 x 76,27 = 190.67 kW. (Ans.) 

(m) The overall efficiency of the unit, r^^,, : 

As K.E. gained in the impeller is converted Yntopressure, hence 

<V-c , 2 

2 x 1000 
(220) 2 - (80) 2 


= 0.7445 or 74.45%. (Ans.) 




1.005(T 3 - 345): 


2 x 1000 


The pressure of air after leaving the diffuser, p 3 : 

.1=1 
t y 


ZlJpsY 


Ps 


Y 1 ( 365.9 W-i- _ 

P2 [n j l 345 J “ 1> 


,2286 


345 

p 3 = 1,5 x 1.2286 = 1.843 bar. 

After lsentropic compression, the delivery temperature from diffuser, Tf : 

rp , / . 14-1 

/3 

T 3 ' = 290 x 1.191 = 345.39 K 
Ts'-T, 345.39 - 290 


Tf“l | 4—1 

(1.843 YTT 

FiTaJ = (~J =1191 


'overall 


■■ 0.7298 or 72.98%. (Ans.) 


365.9-290 

isentropic efficiency of 80 percent The 2 if compressor runs at 20000 r.p.m. with 

pressure to 4 0 har tnJ. P T J* alr « compressed in the compressor from 1 bar static 

tSZ XiLTSZSSZ Jtz.'TZS t f* «* *“ “ *'« -» 

. ~ SSUmin S that the ratio of whirl speed to tip speed is 0.9 , calculate : 

rn h ° a emperature du ring compression if the change in K.E. is negligible. 

(u) The tip diameter of the impeller. 

(Hi) Power required. 

(iv) Eye diameter if the hub diameter is 12 cm. 
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; co8 

Solution. Given : m = -^- = 8.8 kg/s ; p 1 = 1 bar, Tj = 20 + 273 - 293 K ; 

N = 20000 r.p.m. ; rj isen = 80% ; p 0I = 1 bar ; p 02 = 4.0 bar ; 

C w 2 

Cj - 145 m/s ; - 0.9 ; d h = 10 cm = 0.1 m. 

(i) Rise in total temperature during compression if the change in K.E. is 
negligible: 

Refer Fig. 20.60. The suffix ‘O’ indicates the total values. 




Fig. 20.60 

The stagnation temperature at inlet to the machine, 

T = Tj + ^- = 293 +-- 

ol 1 2c n 2x1.005x1000 


= 303.5 K 


Now, 


Y-l 

T 0 1 J Pol) t 

U. 


Pox = Pi x 


Pol = 1 X 


1.4 

303.5 ^ i-4-i 


Tx 

xs 1.131 bar 


Y-l 


293 
Y-l 

Tq2 _ f Po2 ^ Y 
%1 l Pol. 

T o2 ' = 303.5 X 1.435 = 435.5 K. 


4.0 

1.131 


1 . 4-1 

1.4 


1.435 


Isentropic rise in total temperature = 435.5 — 303.5 = 132°C 

132 132 

Hence. Actual rise in total temperature ~ -= = 165°C. (Ans.) 

T1 ism 0-8 

(ii) The tip diameter of the impeller, d 2 : 

Work consumed by the compressor = c p x (A t) actual 

= 1.005 x 165 = 165.8 kJ/kg 


Visit: www.Civildatas.com 












































I 

n j{ Visit: www.Civildatas.com 


768 


INTERNAL COMBUSTION ENGINES 


Work consumed by the compressor is also given by Euler's equation without prewhirl as : 


W = C “» X ° bh kJ/kg = 165.8 kj/kg 


1000 


But 


ZBL = 0.9 
C bl 2 


“S 


= 0.9C, 




165.8 = 


C ft 2 , x 0.9 


But 


1000 

( 165.8 xlOOO^ 2 

l-53-J = 4292m/s 

. ^29 2 — 2 X 20000 

60 60 
429.2 x 60 

JIX20000 = °- 4098 m or 40.98 cm say 41 cm. (Ans.) 

(Hi) Power required, P : 

P = m x 165.8 = 8.8 x 165.8 = 1459 kW. (Ans.) 

(iv) Eye diameter if hub diameter is 12 cm, dj : 

From continuity equation, we have 

1 l (d l 2 -d h 2 )xC 1 xp i 


C bl 2 : 
C bU 


d 2 = 


m - - 


But density at entry is given by, 

Pi 

8.8 = j (d 2 - 0.12 2 ) x 145 x 1.189 
4 

; + 0.12 2 = 0.07939 m 2 


P\_ _ lx 10 5 

RT X 287x293 = 1 189k ^ /m3 


^ 2 = 
d t 


8.8x4 


n x 145x1.189 

“l - 0.2818 m or 28.2 cm. (Ans.) 
nf fro Exa “ ple 20 ; 39 - A centrifugal compressor running at 10000 r.p.m. delivers 660 m?I min 

efficilZ'ftT p, C0 , m P ressed f™ 1 bar , and 2 °° C ‘° a preSSure ratw °f 4 with an isentropic 
nt l ! t B adeS are mdla at outlet °f Weller and flow velocity of 62 m/s may be 
assumed throughout constant. The outer radius of impeller is twice the inner and the slip factor 
may be assumed as 0.9. The blade area coefficient may be assumed 0.9 at inlet. Calculate 
(i) Final temperature of air. („) Theoretical power. 

(Hi) Impeller diameters at inlet and outlet 
(iv) Breadth of impeller at inlet. 

(u) Impeller blade angle at inlet. 

(vi) Diffuser blade angle at inlet. 

Solution. Given : N = 10000 r.p.m. ; Volume of air delivered, V = 660 m 3 /min. ; 

Pl = 1 bar, T t = 20 + 273 = 293 K ; r p = 4, q (sen = 0.82 ; Cfk = 62 m/s ; 

r 2 = 2r : ; - 0.9 ; Blade area coefficient, k a - 0.9. 

(i) Final temperature of air, T 2 : 

rp r 1.4 — 1 

JT = 0;,) Y ~ 1/V = (4) 14 = 1.486 
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Now, 


'! W: 

■ rj?’ 


= T, + 


293 x 1.486 

r 2 


= 435.4 K 


769 

\ 


— = 293 + 


293 


= 466.7 K. (Ans.) 


8tsen 0.82 

(H) Theoretical power, P : 

Mass flow rate, m = |^ = _ 

RT 287 x 293 --M.OS m ft 

P= mc/Tj-TJ 

= 13.08 X 1.005(466.7 - 293) = 2283.3 kW. (Ans.) 
(ui) Impeller diameters at inlet and outlet, d,, d 2 : 

For radial blades, work input to the compressor is given by, 

= c(T _ T) 

1000 p{ 2 • 1 . 

Here T 2 is the final temperature of air from the exit of compressor. 


Work done = 


c bi 2 ~ 


'l000xc B (r 2 -7\)' 

1/2 

' 1000 x 1.005(466.7 - 293) l 1 

♦. J 


- O- 9 J 


■ 440.4 m/s 


Also, 


nd 0 N 


= 440.4 


d i 


60 

__ 60x440,4 
n x10000 
_ dz _ 84.11 


■ 0.8411 m or 84.11 cm. (Ans.) 
42.06 cm. (Ans.) 


2 2 

(iv) Breadth of impeller at inlet, h l : 

Volume flow rate = 2*r 1 6 1 Cy 1 where k a is the blade area coefficient 
, Volume flow rate 

b i 


2 Itr i. C fi . k a 
(660/60) 


271 x (0.4206/2) x 62x0.9 

(u) Impeller blade angle at inlet P x : 

62 


0.1492 


or 14.92 cm. (Ans.) 


tan p- = -Sl -__ 

C b , (440.4/2) 


= 0.2816 


P x a tan- 1 (0.2816) = 15.73°. (Ans.) 
(vi) Diffuser blade angle at inlet, a 2 : 


tan oc 0 = 

2 *,.q 


'h 


62 


= 0.1564 


> bh 0.9 x 440.4 

<2 = tan" 1 (0.1564) = 8.9°. (Ans.) 


, C °/°- A centrifugal blower compresses 4.8 m 3 /s of air from 1 bar and 20°C to 

the !! Thel . ndex of compression n is 1.5. The flow velocity at inlet and outlet of the machine is 

resnerHn l‘ nd Th qU ^ 1 65 m ' S ' The lnUt and OUtlet im P eller diameters are 0.32 m and 0.62 m 
respectively. The blower rotates at 8000 r.p.m. Calculate : 



Visit: www.Civildatas.com 




































Visit: wwW.Civildcflus^mTT 


770 


INTERNAL COMBUSTION ENGINES 


(i) The blade angles at inlet and outlet of the impeller.. 

(ii) The absolute angle at the tip of the impeller. 

(Hi) The breadth of blade at inlet and outlet. 

It may be assumed that no diffuser is employed and the whole pressure increase takes 
place in the impeller and the blades have negligible thickness. 

Solution. Given : V x = 4.8 m 3 /s ; p x = 1 bar ; 7\ = 20 + 273 = 293 K ; n = 1.5 

Cyi = C /2 = 65 mis ; d x = 0.32 m\d 2 = 0.62 m ; N = 8000 r.p.m. 

The temperature at the outlet of the compressor, 

. !z! 1.5-x 


The peripheral velocity at inlet, 


T t -fe)'■(¥)“’ 

T 2 ' = 293 X 1.1447 = 335.4 K 


The tip peripheral velocity at outlet, 


n nd r N 7 i x 0.32 x 8000 „. . . 

Cb, ‘ = = -60- = 134 


n TidzN k x 0.62 x 8000 , 

^bi 7 - —~— =-—- = 259.7 m/s 


Work done 


60 60 

-c/ay-iy.* _ 

1.005(335.4 - 293) x 1000 




■ 164.1 m/s 


W2 259.7 

(i) The blade angles at inlet and outlet of the impeller, p p p 2 : 


Wi _ 


65 


tan pj - - 

c bi x 134 


tan S 0 = 


l 7‘2 


Pi = 25.88°. (Ans.) 
65 


2 ” C b l,-C w2 259.7- 164.1 


= 0.6799 


(ii) The absolute angle at the tip of the impeller, : 


tan ou 


W 2 


65 

‘ 164.1 


= 0.3961 


p 2 = 34.2°. (Ans.) 


(Ans.) 


(iii) The breadth of blade at inlet and outlet, b v b 2 : 

Discharge at the inlet, Vj = 2k r 1 b 1 C n 
4.8 = 2tt x 0.16 x b x x 65 

6l = 48 


27ix0.16x65 


= 0.0734 m or 7.34 cm. (Ans.) 


Let V 2 be the discharge at the outlet, then 


v - 

2 ~ r x „ 
M P2 


lx 10 5 x4.8 335.4 


PlVl _ P2^2 
Ti r 2 
Taking T 2 ' = T 2 


293 

) as 271 

3.66 


1.5 x 10 s 


= 3.66 m 3 /s 


V 2 = 3.66 = 27ir 2 . 6 2 . C n = 2n x 0.31 x b 2 x 65 


6n = 

1 2tcx 0.31x65 


= 0.0289 m or 2.89 cm. (Ans.) 
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Example 20.41. A centrifugal compressor delivers 16.5 kg/s of air with a total head pres¬ 
sure ratio of 4 : 1. The speed of the compressor is 15000 r.p.m. Inlet total head temperature is 
20°C, slip factor 0.9, power input factor 1.04 and 80% isentropic efficiency. Calculate : 

(i) Overall diameter of the impeller. 

(ii) Power input. 

Solution. Given : m = 16.5 kg/s ; Pressure ratio, r op = 4 ; N = 15000 r.p.m. ; T q1 = 20 + 273 
293 K 

= 0.9 ; = 1.04 ; n^ n = 80%. 

( i) The overall diameter of the impeller, D : 

, ( 14-1 

i02. = M. r =(4)1.4 =1.486 

7oi v An J 


“ l 01 

^02 


X 1.486 = 293 X 1.486 = 435.4 K 

sJm. or 0.8 : 


435.4 - 293 


7 02 ~ T n 
435.4 - 293 


^02 ~ 


01 


0.8 


= 178 K 


Work done = 


$u>$$ Cblz 


1000 


- c p (T„ 




-1000 xc p (T 02 -r 01 )‘ 

1/2 

’ 1000 X 1.005 x 178" 

or 

C bl 2 ~ 

Ws 


1.04x0.9 


437.2 m/s 


Also, 


(ii) Power input, P : 


nDN 


= 437.2 


60 

437.2 x 6 0 
7i x 15000 


= 0.5567 m or 55.67 cm. (Ans.) 


P _ — T 01 ) 

= 16.5 x 1.005 x 178 = 2951.7 kW. 


(Ans.) 


■^Example 20.42. The following data pertain to a centrifugal compressor : 
Total pressure ratio 

Diameter of inlet eye of compressor impeller 
Axial velocity at inlet 
Mass flow 

The velocity in the delivery duct 
The tip speed of impeller 
Speed of impeller 
Total head isentropic efficiency 
Pressure co-efficient 
Ambient conditions 
Calculate : 

(i) The static pressure and temperature at inlet and outlet of compressor. 

(ii) The static pressure ratio . 


= 3.6 : 1 
= 35 cm 
= 140 m/s 
= 12 kg/s 
= 120 m/s 
- 460 m/s 
= 16000 r.p.m. 

= 80% 

= 0.73 

= 1.013 bar and 15°C. 
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(Hi) Work of compressor per kg of air. 

(iv) The theoretical power required. 

Solution. Given : r p (pressure ratio) = 3.6 

T oi = 15 + 273 = 288 K; = 0.8 

^ = 12 kg/s ; (Pressure co-efficient) *= 0.73 ; 
a bl 2 = 120 m/s 

T^h If 0 pre * SUreand tem Perature at inlet and outlet of compressor : 

Total head temperature rise F 

1.4-1 

288[(3.6) T4 2] 


AT = T * ^ rp T ~ ^ 


0.8 


: 159.1°C 


: 288 + 159.1 = 447.1 K. (Ans.) 


The static temperature at exist is 


T s T 
2 J 02 ~ 


__ 

2c d 


447.1 — • 


12(r 


2x1005x10' 


>3 


= 447.1-7.1 = 440 K. (Ans.) 


The static pressure at exit is 

P 2 ~ P02 — 
P 2 ~ Pq2 ~ ' 


P 2 Cblt 

2 


where p 2 


^ P2 

RU 


P 2 x 120 2 


But 


2x 0.287x 440x"l0 3 
Pq2 ~ 1013 x 3.6 = 3.65 bar 
p 2 = 3.65 - 0.057 p 2 or 1.057 p 2 = 3.65 
p 2 = 3.45 bar. (Ans.) 

To calculate static conditions at inlet : 


~ P 02 “ 0.057 p 2 


T i + 


U0 £ 


= T 1 + 


140 2 


-1 . — 

Zc p 2x1.005x10' 

T i = 288 - 9.75 = 278.25 K. (Ans.) 


J =T 1 + 9.75 


^1=P 0 1 
Pi 


Pi x140 2 


2 x 0.287 x 278.25 x 10 3 

0.9 bar. (Ans.) 


= 1.013-0.123 pj 


P_2 

Pi 


3,45 

0.9 


3.83. (Ans.) 


= e p x AT 0 


(ii) Static pressure ratio 
(Hi) Work done on air 

.. , = 1005 x 159.1 = 159.89 kJ/kg of air. (Ans.) 

(tu) Theoretical power required to drive compressor 

tp , = rilc p A7 o = 12 X 1.005 X 159.1 = 1918.7 kW (Ans > 

Isentropic total head efficiency = 0.76 
Outer diameter of blade tip = 550 mm 
Slip factor - 0 82 
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Calculate : 

(i) The temperature rise of air passing through the compressor. 

(ii) The static pressure ratio. 

Assume that the absolute velocities of air at inlet and exit of the compressor are same. 


Take c p = 1.005 kJ/kg K. 


Solution. c bl 2 ~ 

Work done per kg of air = (C^ . C bl 


flgjV tz x (550 /1000) x 18000 


60 


60 


=? 518.36 m/s. 


But 


Qvi - 0 and <j) s = 


Work done per kg of air - C b ^ 


x <t> s = (518.36) 2 x 0.82 = 220331 W 


220.331 kW 


(i) Temperature rise of air, Tj - 

Also work done = c p (T 2 - Tf) 
Equating (i) and (ii), we get 


220.331 


l 2 

0.76 = ^ 


To'-T, 


220.331 

1.005 


* 219.23°C. (Ans.) 


- 7| 
-300 


219.23 

(ii) The static pressure ratio : 

The static pressure ratio is given by 

Y 

£2 _ fgyWi 

pi = [tJ 


■■ 466.6 K. 


14 

_ f 466.6^14^1 

~ { 300 J 


: 4.69. (Ans.) 


...GO 

...(ii) 


20.4.3.3. Axial Flow Compressor 
20.4.3.3.1. Construction and Working 

an axi f} fl ° w compressor, the flow proceeds throughout the compressor in a direction 
essentially parallel to the axis of the machine. 

Construction. Refer. 20.61. 


* f? , f l 0W C ° mpress0r insists of adjacent rows of rotor (moving) blades and stator 
(fixed) blades. The rotor blades are mounted on the rotating drum and stator blades are 
hxed to the casing stator. One stage of the machine comprises a row of rotor blades 

followed by a row of stator blades. 

* S'" e JP c ! ent °P eration the Wades are of air foil section based on aerodynamic theory, 
the blades are so designed that wasteful losses due to shock and turbulence arc pre¬ 
vented and the blades are free from stalling troubles. (The blades are said to 6c stalled 
when the air stream fails to follow the blade contour). Whereas the compressor blades 

ave aerofoil section, the turbine blades have profiles formed by a number of circular 
arcs. This is so because the acceleration process being carried out in the converging 
bl..de passages of a reaction turbine is much more efficient and stable process as com¬ 
pared with the diffusing or decelerating process being carried out in the diverging 
passage between the blade of an axial flow compressor. 
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Stator 

(Casing) 


Air 

in 




R 

s 

jjjjfj iiJ n 



s 


F 

Rotating drum 









delivery 


- Drive shaft 

^ Air 
delivery 


Moving 

blades 


Fixed 

blades 


S ~ Stator (Fixed) blades 
R = Rotor (Moving) blades 


Fig. 20.61. Axial flow compressor. 

• The annular area is usually reduced from inlet to outlet of the compressor. This is to 
keep the flow velocity constant throughout the compressor length. In the diverging 
passages of the moving blades, there is rise in temperature due to diffusion. The abso¬ 
lute velocity is also increased due to work input. 

The fixed blades serve the following two purposes : 

, ^ Convert a P ar t of the K.E. of the fluid into pressure energy . This conversion is achieved 

by diffusion process carried out in the diverge blade passages. 

(ii) Guide and redirect the fluid flow so that entry to the next stage is without shock. 

Working 

Basically, the compression is performed in a similar manner to that of the centrifugal type 
The work input to the rotor shaft is transferred by the moving blades to the air, thus accelerating 
it. the blades are so arranged that the spaces between the blades form diffuser passages, and 
hence the velnnty of the air relative to the blades is decreased as the air passes through them 
and there is a rise in pressure. The air is then further diffused in the stator blades, which are also 
arranged to form diffuser passages. In the fixed stator blades the air is turned through an angle 
so that its direction is suck that it can be allowed to pass to a second row of moving rotor blades. 
It is usual to have a relatively large number of stages and to maintain a constant work input per 
stage {e.g., from 5 to 14 stages have been used). 

The necessary reduction in volume may be allowed by flaring the stator or by flaring 
the rotor. It is more common to use a flared rotor, and this type is ^hown diagrammati- 
cally in Fig. 20.61. " 

~ ^ usually arranged to have an equal temperature rise in the moving and the fixed 
blades, and to keep the axial velocity of air constant throughout the compressor. Thus 
each stage of the compression is exactly similar with regard to air velocity and blade 
inlet and outlet angles. 

— A diffusing flow is less stable than a converging flow, and for this reason the blado 
shape and profile is much more important for a compressor than for a reaction turbine. 

, The design of compressor blades is based on aerodynamic theory and an aerofoil 
shape is used. 
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Note. Two forms of rotors have been used namely the drum and disc types. The disc type is used 
where consideration of low weight is more important than cost as in aircraft applications. The drum type 
is more suitable for static industrial applications. In some applications, combination of both types has been 
used. 

Materials. The following materials are used for the various components of an axial flow 
compressor : 

1. Rotor bladings. The materials listed below are in the increasing order of weight and 
their ability to withstand high temperature : 

(i) Fibrous composites (ii) Aluminium 

(Hi) Titanium (tt>) Steel 

(u) Nickel alloy. 

2. Rotor .* 

• For rotor shafts and disc . “steel." 

• Aircraft engines may use titanium at the front stages and “nickel alloy" in the rest. 


3. Stator bladings : 

• Same materials as that of rotor but steel is the most common. 


4. Castings. These may be of cast magnesium, aluminium, steel or iron or fabricated from 
titanium or steel. 

— NC (Numerically controlled) machines make dies and the blades are manufactured by 
precision forging. Blades are also machined by CNC copying machines. 

20.4.3.3.2. Velocity Diagrams and Work Done of a stage of Axial Flow Compressors. 
Fig. 20.62 shows the velocity triangles for one stage of an axial flow compressor. All angles are 
measured from the axial direction and the blade velocity is taken to be same at blade entry and 
exist. This is because the air enters and leaves the blades at almost equal radii. 




Fig. 20.62. Velocity diagrams for axial flow compressor. 


• Air approaches the rotor blade with absolute velocity C t and at an angle a r The relative 
velocity C rl , obtained by the vectorial addition of absolute velocity and blade velocity 
C bl , has the inclination p x with the axial direction. 
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internal combustion engines 

• Due to diffusion in the diverging passages fnr mo ^ k . L1 , 

sure rise. This is at the expense of relative 7 b '^ eS - there is pres- 

creases from C rl to C .. Since work is heir, a °° ty a ” d so the relative velocity de- 

. The a! '*£*** ^ ^ ^ ^ -dabslte vetcity ^ ^ 

the “ d deCel , eratio ” takes place in 

velocity C 3 at an angle cc 3 and is redirected to the n , Stat ° r bIades witb 

“ Muu c -"”»««• zzzZz’Ziizzzii 

From the velocity triangles, we have 


1 

] 

maligns, we nave 

Cbi 

q ~ ^ an + tan 

-(20.85) 

and, 

Assume 1 kg o ; 

Cbi 

- tan p 2 + tan a 2 

f flow of air through the corner 

-(20.86) 


Assume 1 kg of flow of air through the compressor stage 

From Newton’s second law of motion. 

Tangential force per kg = C — r 
Work absorbed by the stage per kg of air, 

sa c - - d c “»*• -iiSi&SaSSrJ’i, „ d «, ^ 


"K ?«£ S» f ">• ’•« - 

^expr^for workdone may be put in terms of flow/axial velocity and air angles. 
From eqns. (20.85) and (20.86), we have -.(20.88) 


W * ~ C bi c f (tan Pj - tan P 2 ) 


..(20.89) 


_ 


tan a lf and 


2 . 

~ = tan a 2 


For each kg ofti^ehvlred.^have 0 "' C ° mpreSS ° r may aIso be obtained by the Euler’s equation" 
w * ~ C W 2 - C Wi C wl 


Since 


^W2 ^W\ \l ~ 0 y n) ~ (C, . — u .. — , 

Further C W] = C w> = C w , the above equation is modified as, " ‘ ~™ 2 

By use of velocity triangle and cosinrtheoreml = ^ ^ = < ' &T ° >, ‘ a 


C„„,)] = C, 


W„ = 


C, 2 -r n 2 r* 2 
- rl V-2 C 2 - 

2 5 
(First term) 


(Second term) 


..(20.90) 


Here c 3 = C, 

supplied by a rotating cfscade, VhiAds^onverted Intr ° duces the P art ° f the work 

in rotating cascade itself. lnto pressure due to diffusion action 
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— The second term represents the increment of K.E. in rotating cascade that has to be 
converted into pressure energy in stationary cascade. Comparing this equation to the 
work input to centrifugal compressor, we find that the term centrifugal action 

is missing in axial flow compressors. Due to this reason the pressure 

ratio per stage in axial flow compressor is much less than that of centrifugal compres¬ 
sor. 

The stage temperature rjserfegardless of efficiency of compression, will be given by the 
equation 


(AT)^ = —(tan pj - tan p 2 ) 


...(20.91) 


Pressure rise in isentropic flow through a cascade : 

Consider the incompressible isentropic and steady flow through a cascade from uniform 
condition 1 to uniform condition 2. From Bernoulli's equation, we have 

Pi + Cf __ P2_ + C 2 2 
P 2 P 2 

Thus the static isentropic pressure rise may be expressed in terms, of the inlet dynamic 


head. 


( 4p)*» = (p 2 \ 


Ci 2 -C 2 2 


Since 


2Tw/i 


” ^2 ^istn - 2 ^Cff + C W \) - (C/ 2 2 + C w2 2 )] 
C fl = C f2 - C f 


^P\sen - 2 (C w i 2 - C w2 2 ) = Cf (tan 2 a t - tan 2 a 2 ) ...(20.92) 

[v C wl - C f tan a r and C w2 = Cf tan a 2 ] 

20.4.3.3.3. Degree of Reaction 

Degree of reaction ( R d ) is defined as the ratio of pressure rise in the compressor stage. 

R _ Pressure rise in the rotor blades 
d Pressure rise in the stage 

Pressure rise in the compressor stage equals work input per stage and is 
= C bl (C W2 -C Wi ) 

Pressure rise in the rotor blades is at the expense of K.E. and is 


r 2 2 

R d = —a--S- 

* 2C W (C -C ) 


...(20.93) 


Refer inlet and outlet velocity triangles 

C “>2 = c bi ~ C f tan p 2 
C u>i = C bl~ C f tan Pj 
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Cw 2 ~ C w i - C f (tan - tan P 2 ) 
Similarly from velocity triangles, 

^ r i = (Cf) 2 + (Cy tan p^ 2 

Cr 2 = (Cy) 2 + (Cytan P 2 ) 2 

^ r i Cr 2 - cy 2 (tan 2 p A - tan 2 p 2 ) 


INTERNAL COMBUSTION ENGINES 
...(20.94) 


So 


R _ Cy 2 (tan 2 Pi - tan 2 fl 9 ) j 

% c bl c f (tan pj - tan p 2 ) ~ 2 C bl 


(tan P : + tan p 2 ) 


Degree of reaction is usually kept as 0.5, 


0.5 = - . 


But 


°-5 = 2 • c ‘ u (tan p, + tan p 2 ) 

Si . n 

C f = tan Pj + tan P 2 
C bl 

C f = tan aj + tan Pj = tan ct 2 + tan p 2 


...(20.95) 

...(20.96) 


(from velocity triangles) 


9bi 

= tan pj + tan p 2 = tan a, + tan p, = tan a 2 + tan p 2 

From this 04 = P 2 • a 2 = p t 

of^tTlosses SymmetHcal blad *° «* ** 

20 73 a TH T de -’ iV iP ClearanCe and flUid friCtk,n lOSSeS are m ~m. 

20.4.3.3.4. Polytropic Efficrency. The work input to a compressor, with usual notations, 

W ~~ C p (7 02 “ T oT 




= C p T li 


...(20.97) 


Eqn. (20.97) indicates that for the same isentropic efficiency and pressure ratio S*, 

s^auUr^equXe^L effi" e ^ “ 3 consisting 

because it has to deal with a fluid of increased T succeeding stage will have to perform more work 

machine cannot be used to cnmnar® measure of the overall performance of the 

efficiency will he /ess for a compressor operZ^”** 

efficiency r is C0 Xduced he Perf0manCe ofcom P re ^ors with different stages, the concept of polytropic 

This small stage efficiency^ TitanicallT C ‘ enCy T° ne StaSC °^° multista S e compressor, 
stages. y Constant f° r al1 of a compressor with infinite number of 
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Let us consider the compression process of a multistage compressor on T-s plot of Fig. 20.63. 


AT 0 

(machine) 


AT* 

(machine) 



Fig. 20.63. Concept of polytropic efficiency. 

The gas is being compressed from pressure p 01 to p 02 in four stages of equal pressure ratio. 
Poi, p om and p on are the intermediate pressures. 

Now by definition : 

Overall isentropic efficiency (stagnation) for the machine (mlc), 


’U.On/c). 


AT„ 


Stagnation isentropic efficiency for a stage, ( st ) 

dT' 


Atsen(s£) 




The total actual temperature rise A T Q can be represented as : 

^rp _ (^^o ) machine 


AT = 


flfse/i {mlc) 


Aise/UsO 


...(0 

...(H) 


Equating expressions (i) and ( ii ), we get 


(A T 0 '\ 


o rmachine 


UdT’), 


stage 


fltscn {ml c) fl isen {st) 

fl/sgfi {ml c) (A7 q ) fnac / t t ne 

flise?i(si) L (dT Q ) sia g e 


...(20.98) 
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l.e.y 

and 


From Fig. 20.63, we have : 

(Ar ° ^ machine “ (U ) + U'-tlt '0 + + (n"~2') 

rv T = (1-/) + ( l-m 0 + (m-n') + (n-p') 

On r-s plot, the constant pressure lines ‘diverge’ towards right 
l-m' > l'-m" 


internal combustion engines 


m-n' > m"-n" 

So we can say that Udf '), > (AT') 

Thus from eqn. 20.98, „ “ 

rpv istnist) ( mJc ) 

rsaasT' ^ m «*» <■—***** * 

tures »nd the ratio of'tpeoi > fit'helu mS ° f entlT and de,iv « r * Pressure and tempera- 

Refer Fig. 20.63. The actual compression noth i o ■ ■ 
are w and lie on the same polytropic path lanZted by- ** ”* 1 and 

P Q v o n ~ constant z. 

. . . corresponding ~»«Me i„„. p , c p>li , wi ,„ „„ , „„ r 

P 0 y y = constant 

ror irreversible path, we may write 
Po^lPo" 


by : 


On differentiation, we get dp o = 2 ,np o »-l^p o = „ Ro dPo 
Now, the characteristic gas equation may be written as : 


— = RT 
Po 


P« = 


On differentiation, we get dp = -1 

R 


Po 




T 

From eqns. 20.99 and 20.100, we have 

i = r,Ee-l\ T o- d P«- P..-dT„ 

P 0 R[ 7? 


••■(20.99) 


• •■(20.100) 


d Po 


r. T 0 .dp„ - p„.dT„ 


: n.RT l.\l k- d Po- P„-dT n 
A Tj 


or 


n.p o .dT 0 


dp o =n.dp 0 -±EA 


^ n ‘dp Q — dp o ~ dp Q (n - 1 ) 


Actual stage temperature, dT o ~ dp 0 f n ~ -Q Tq_ 

n ' Pn 


A V n J Po ...(20.101) 

the Pr ° CeSS f ° !!0Wing th ° ,aW ^"»'- 2 would give 

dT 0 = d Pof~]-^. 

I r ) Po -(20.102) 
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Thus, by the definition of polytropic or small stage efficiency, we get : 


dT 0 ' 


dZ = 


fy-1 > 

\(— 

l r j 





' -.(20.103) 

exponent^.' 2 °' 103 ^ ^ VaIUe ° fp ° ,ytr0pic efFlcien ^ if > terms of exponent n and the adiabatic 


Substituting the value of from eqn. ( 20 . 101 ) into eqn. (20.103) we have : 




r-i d Po t 0 

t ' Po dT 0 


n d P 0 

t T o y p„ 

Integrating between the two end states 1 and 2 , we get 




Y-l 


In 




In 


t-i 
(P02 ) Y 
IpoJ 


In 


) ’ '-(t) 


...(20.104) 


The eqn. (20.104) gives the polytropic efficiency in terms of pressure ratio ^2, temperature 
.•To, Poi 

ror ^° /ri an ^ the ratio of specific heat y 
J oi ' 

Pressure^Coefficient C ° eff,C!ent ’ Head ° r Work Coeffieient, Deflection coefficient and 
Flow coefficient (<jy). The flow coefficient of axial flow compressor stage is defined as, 


Since 


Also, 


. ° fi 

♦/“ C 

c bi ~ C rwi + Cw 1 = Cfi (tan p x + tan 04 ) 


v ™ 




C^ a (tan pj + tan ocj) tan p x + tan 


Cfl “ Cf 2 - C f 


^f2 


1 


C^ 2 (tan P 2 + tan a 2 ) tan P 2 + tan a 2 


...(20.105) 


...(20.106) 


kinetUe^cZ WOrkcoe / fi f ent as the ratio o/actaai taorA done to the 

tc energy corresponding to the mean peripheral velocity. Thus, 


c p AT = 2 - C wl ) _( tan a 2 - t an a 


*' C w 2 /2 ' 


tan p 2 + tan a 2 


...(20.107) 
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c n AT, 


C w 2 / 2 T * isen ^ 

20.4.3.3.6. Pressure Increase in a Stage of an Axial Flow Compressor and Number 
of Stages 

The pressure ratio is expressed as 

, -ir/(y-D 


£2 = 
Pi 


fits 


^2-^1 


A T r =T 2 -T x . 


cJ-c r , 


£2 : 
Pi 


1 +T\R 


ATz 

Ty 


2 xc p 

ty/(7-D 


The temperature rise in stationary blades is given by, 

ri 2 ^0 2 

AT = T 3 - T, = -3-- 

3 2 2xc n 


£3 . 
P 2 


1 + ri« 


AT_ 


p 

■iy/(y—1) 


Hence pressure rise in the stationary blades is 


and 


by, 


Ap s =p 3 -p 2 =p 2 jl + il, 

The pressure increase in a stage is 
A P s t = Ap^ + Ap s 
AT si . AT* + AT 

The stagnation pressure ratio is given by 

, "iy/(y*-D 


AT. 


y/y-l 


-1 


Pol _ 

Pol 


AT 0 

T 

i ol 


N = 


A7^ 


(AT.'W 

If the pressure ratio per stage be the same, then 
( r \ _ P 02 _ P 03 - Pow-n) 

^ p'stage 

P 01 P 02 P(W 
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3. Deflection coefficient ((j)^). It is defined as, 

° r •t’A = 2 W ...(20.108) 

4. Pressure coefficient (<j> ). It is defined as the ratio of isentropic work done to kinetic 
energy corresponding to the peripheral velocity . Thus, 


...( 20 . 111 ) 




...(20.109) 


.,.( 20 . 110 ) 


Let Tj and T 2 denote the temperature of the working fluid at inlet and outlet of rotating 
blades. Hence the temperature increase is 


If the work done per stage is assumed to be the same, then the number of stages (N) is given 


...( 20 . 112 ) 
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or 


The overall pressure ratio is given by 
T P ~ 

In (r ) 

N = - i.r 


...(20.113) 

...(20.114) 


where {r p ) stage varies from 1.12 to 1.2. 

20.4.3.3.7. Losses in Axial Flow Compressor Stage 

In actual practice, various losses occur while the fluid flows through a compressor stage. 
The total pressure loss arises in three ways : 

1. Profile losses on the surface of the blades. 

2. Skin friction on the annulus walls. 

3. Secondary flow losses. 

The various losses represented on graph between stage efficiency and flow coefficient is 
shown in Fig. 20.64. 



Fig. 20.64. Losses in compressor stage. 

1. Profile losses on the surface of the blades : 

•. By profile losses, we mean the total pressure loss of two dimensional rectilinear cascade 
arising from the skin friction on the surface and due to the mixing of flow particles 
after the blades. 

• These losses are usually determined experimentally. 

2. Skin friction loss on the annulus walls : 

• The wall friction total pressure losses arising from the skin friction on the annulus 
walls and the secondary losses are difficult to analyse as boundary layer growth on 
these walls is a complex three-dimensional phenomena. 

• Empirical relations (by Howell, Haller) are available for calculating drag coefficient. 

3. Secondary flow losses : 

• In an axial flow compressor blade channels, certain secondary flows are produced by 
combined effects of curvature and boundary layer. 

9 Secondary flow is produced when a streamwise components of velocity is developed 
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developed pipe flow eaters "a bench when^a^hearecHlow passe"^ 31 ^ ^ ° CCUrS When 3 

3 b °r b r ***«* « obstacle "normal 

• One of most important enJL^^ ZT “TT* 3 ^ 

machinery aerodynamics where boundary lavfr 6C0ndary flo 'f occurs in torio- 
o/- the machines are deflected by rows of UaZl ffT"* ‘*5 CaSmg and 

»- 

(ion. Surging*, , n TZ of an “'“ <aWe tfop.ro- 

the compressor has to operate at less mass flow rat Zh™ ° f throu 8 h the compressor 
corresponding to maximum pressure). As the flow is Hr t a™ a / redetermined calue (a value 
value, this surge can reach such a tuL ^to en l ^ ^ ‘ han P redet ™ed 

mechanical failures may result. The flternatin/st™ ^ u® C ° m P ressor a!ld » many cases 
subjected during this irregular working conditio/ maid™ ^ ^ r ° t0r ° f the machine is 

and scales. Severe surge have been known to bend thtm^lh^^^ ^or blading 

Choking. When the pressure ratio is unity (i „ th ' • 

mass flow rate becomes maximum This renpnlJI'l'’ u 1S ” “ m P ressIon X theoretically 
rng to relative velocity at inlet becomes^Tnt ThT ^ ^ nUmber «™*POnd- 

compressor is known as choking flow "Chokins" m ma “ ft ow rate possible in 

pressure ratio (i.e., characterise becomes vertical) ^ A "" re 8 ard ^ss of 

Fig. 20.65, shows the compressor characteristics. 

In the compressor where the flow is ' 

incorrect fluid angles relative to the blades becomes^ ^ ^ adlent the incidence loss due to 
sharply at conditions away from the de£ rZT 'kZT T T* preSSUre ratio falls 

increase with increase of mass flow rate, gives a pressurerati n the frlCtl ° n loSS which wiU 

Fig. 20.65. B Pressure ratio-mass flow rate relation as shown in 



v_M 



Mass flow rate, m -_*. 


Fig. 20.65. The compressor characteristics. 


a rise in pressure ratio which will tend to restore the faU. maSS ^ WlH r6SUlt in 
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• On the section LM of the curve, the flow is not stable. A fall in mass flow rate will be 
accompanied by a fall in pressure ratio. In this situation any small disturbance caus¬ 
ing a check in mass flow will cause a fall in pressure ratio and the flow may reverse at 
some point. When the temporary disturbance is removed, the flow will pick up and it is 
found that small disturbances cause the flow to oscillate rapidly. The oscillations is 
noisy and can, if allowed to continue, cause structural damage in the compressor. It is 
called ‘surge’ and the point M on the curve marks the limit of useful operation of the 
compressor. If a compressor is running normally at the point where surge usually 
commences it is possible to induce surge merely by passing the hand across the inlet. It 
is found that compressor efficiency is highest at point adjacent to M and it is therefore 
advisable to able to operate as close to M as possible. 

y Stalling. Stalling* of a stage of axial flow compressor is defined as the aerodynamic stall 
or the breakway of the flow from suction side of the blade aerofoil. It may be due to lesser flow rate 
than designed value or due to non-uniformity in the blade profile . Thus stalling is ahead phcnom- 


i i| , , . * , ' wiiouigeu icgiuii wiLn one or more oi tne 

stages stalled and rest of the stages unstalled. In other words, stalling is a local phenomenon 
whereas surging is a complete system phenomena 


20.4.3.3.9. Performance of Axial Flow Compressor 

• Fig. 20.66 (a) shows the relationship between pressure ratio, power and efficiency uer- 
sus flow rate for various values of speeds such as N v N 2 , etc. At a certain speed , 
efficiency increases as the flow rate increases and reaches a maximum value after 
which it decreases. Accordingly as the flow rate increases the power consumed also 
increases. 




(fl) Qj ^ 

Fig. 20.66. Performance curves of axial flow compressor. 

• Fig. 20.66 ( b ) shows the performance and constant efficiency curves. 

— Such a plot does not take into account the varying inlet temperature and pressure. In 
addition to this these plots cannot show the comparison of performance for similar 
compressors of different sizes. To, account for all these, the performance curves are 
plotted with dimensionless parameters'. These dimensionless parameters are : Pressure 


ratio —s-speed parameter, —L and flow parameter 
Pi ^ 


Pi 


Refer Fig. 20.67 (a and 6). 
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20.5. COMPARISON BETWEEN RECIPROCATING AND CENTRIFUGAL 
COMPRESSORS 


S. No. 

Aspects 

Reciprocating 

compressors 

Centrifugal 

compressors 

1. 

Vibration problems 

Greater vibration problems (due 
to the presence of reciprocating 
parts the machine is poorly bal¬ 
anced) 

Less vibrational problems 
since the machine does not 
have reciprocating parts. 

2. 

Mechanical efficiency 

Lower (due to the presence of 
several sliding or bearing mem¬ 
bers) 

Higher comparatively (due to 
the absence of numerous 
sliding or bearing members) 

3. 

Installed first-cost 

Higher 

Lower (where pressure and 
volume conditions are 
favourable. 

4. 

Pressure ratio per stage 

About 5 to 8 

About 3 to 4.5. 

5. 

Capability to deliver pressure 

High pressure (By multistaging, 
high delivery pressure upto 5000 
atm. may be achieved). 

Medium pressure (By multi¬ 
staging, the delivery pres¬ 
sure upto 400 atm. may be 
achieved). 

6. 

Capability, of delivering volume 
ofair/gak 

Small (By using multicylinders, 
the volume may be increased). 

Greater (per unit of building 
space). 

7. 

Flexibility in capacity and pres¬ 
sure range 

Greater 

No flexibility in capacity and 
pressure range. 

8. 

Maintenance expenses 

Higher 

Lower 

9. 

Continuity of service 

Lesser 

Greater 

L 10 ' 

Compression efficiency 

Higher, at compression ratio 
above 2. 

Higher, at compression ratio 
less than 2. 
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11. 

Adaptability 

Adaptability to low speed drive 

Adaptability to high speed, 
low maintenance cost driv¬ 
ers such as turbines 

12. 

Operating attention 

More 

Less 

13. 

Mixing of working fluid with 
lubricating oil 

Always a chance 

No chance 

14. 

Suitability 

For low, medium and high pres¬ 
sures and low and medium gas 
volumes. 

For low and medium pres¬ 
sures and large gas volumes. 


20.6. COMPARISON BETWEEN RECIPROCATING AND ROTARY AIR 
COMPRESSORS 


S. No. 

Aspects 

Reciprocating air compressors 

Rotary air compressors 

1. 

Suitability 

Suitable for low discharge of air 
at high pressure 

Suitable for handling large 
volumes of air at low pressures. 

2. 

Operational speed 

Low 

Usually high 

3. 

Air supply 

Pulsating 

Continuous 

4. 

Balancing 

Cyclic vibrations occur 

Less vibrations 

5. 

Lubricating system 

Generally complicated 

Generally simple lubrication 
systems are required 

6. 

Quality of air delivered 

Generally contaminated with oil 

Air delivered is relatively more 
clean. 

7. 

Air compressor size 

Large for the given discharge 

Small for same discharge 

8. 

Free air handled 

250—300 mVmin 

2000—3000 m 3 /min 

9. 

Delivery pressure 

High 

Low 

10. 

Usual standard of compression 

Isothermal compression 

Isentropic compression 


20.7. COMPARISON BETWEEN CENTRIFUGAL AND AXIAL FLOW COMPRESSORS 


S. No. 

Aspects 

Centrifugal Compressors 

Axial Flow Compressors 

1. 

Type of flow 

Axial (Parallel to the direction 
of axis of the machine) 

Radial 

2. 

Pressure ratio per stage 

High, about 4.5 :1. Thus unit is 
compact 

— In supersonic compressors, 
the pressure ratio is about 10 
but at the cost of efficiency. Op¬ 
eration is not so difficult and 
risky. 

Low, about 1.2:1. This is due 
to absence of centrifugal ac¬ 
tion. To achieve the pressure 
ratio equal to that per stage 
in centrifugal compressor 10 
to 20 stages are required. 
Thus the unit is less compact 
and less rugged. 

3. 

Isothermal efficiency 

About 80 to 82% 

About 86 to 88% (with mod¬ 
ern aerofoil blades) 

4. 

Frontal area 

Larger 

Smaller (This makes the 
axial flow compressors more 
suitable for jet engines due 
to less drag). 


j s 


i 



$ 
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6 . 

7. 

8 . 

9. 

10. 

11 . 


12 . 


Flexibility of operation 

Part load performance 

Effect of deposit formation on 
the surface of impeller rotor 

Starting torque required 

Suitability for multistaging 

Delivery pressure possible 
Applications 


Efficiency vs. speed curve 


More (due to adjustable pre- 
whirl and diffuser vanes) 

Better 

Performance not adversely 
affected 

Low 

Slightly difficult 


Upto 400 bar 

Used in blowing engines in steel 
mills, low pressure refrigeration, 
big central air conditioning 
plants, fertiliser and industiy. 
supercharging I.C. engines, gas 
pumping in long distance pipe 
lines etc. 

Previously it was used in jet 
engines 

More flat (Fig. 24.68) 


INTERNAL COMBUSTION ENGINES 
Less 


Poor 

Performance adversely 
affected 

High 

More suitable for 
multistaging 

upto 20 bar 

Mostly used in jet engines 
(due to higher efficiency and 
smaller frontal area). Also 
preferred in power plant gas 
turbines and steel mills. 


i^ss flat comparatively 
Fig. 24. 68 


Efficiency 



Speed 


- ‘ S0 *«••• «.«•;».! W 

(t) The pressure rise r,- s T , 

Solution. Given : C., = 240 m/s ■ C - 19n ** ** 

© The pressure rise, Ap : ’ ' ‘ ”° ^ ; = 46 ° ^ P = 1 W 

The pressure rise through a ring of rotating blades, 


Ap = f <y 2 (tan 2 a, - tan 2 a,) ... 

2 i ...IEqn. (20.92)] 

(190) 2 r/ 

“2 IQ 5 [(tan 450)2 “ (tan 1 4°) 2 ] = 0.169 bar. (Ans.) 
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(ii) The work done per kg of air, W : 

W = C bl C f (tan a x - tan o^) 
240 x 190 


10 d 


(tan 45° - tan 14°) = 34.23 kW. (Ans.) 


. • Exam P le 20 - 45 ; An axial flow compressor having eight stages and with 50% reaction 
design compresses air m the pressure ratio of 4 : 1. The air enters the compressor at 20°C aZ 

a meaTsTeedonZ 7TT Speed ° f9 ° mU ' The rotatin S blades of compressor rotate with 
f °f 180 m/s ■ Isentropic efficiency of the compressor may be taken as 82%. Calculate: 


(t) Work done by the machine 
Assume y = 1.4 and c p = 1.005 kJlkg K. 


(ii) Blades angles . 


Solution. 


Also 


The,* = 


To-% 


! 1 

7-1 

7 


14 -1 0,4 

(4) 14 - (4 ) 1 - 4 = 1.486 


h _ \P2 
*1' ~ I Pi 
7y = (20 + 273) X 1.486 = 435.4 K 
435.4 - 293 _ _ 142 .4 

^lisen ~ 


- 293 


or 0.82 = 


To - 293 


142.4 


Work required/kg 

Now, work done/kg 


tan a 9 - tan a 


- 2 - 082 + 293 = 466.6 K 

= c p^2 ~ ~ 1.005(466.6 - 293) = 174.47 kJ/kg. (Ans.) 

* Number of stages x C b[ (C W2 ~C Wi ) 

174.47 = 8 xC w C f (tan 04 - tan ct x ) [Refer Fig. 20.62] 

174.47 x 1000 

•1 ‘ 


8 x 180 x 90 “ 
For 50% reaction blading, a 2 « and 04 = 0 2 


1.346 


Now, 


1.346 = tan 

tan 04 + tan = 

tan Pj - tan 04 = 1.346 
tan J3j + tan 04 = 2 
From ( i ) and (ii), we get 

2 tan = 3.346 


- tan a 1 
180 
90 


= 2 


...(i) 

.Mi) 


and 


Pi = 59.1° = a 2 . (Ans.) 
a, = 18.1° = p 2 . (Ans.) 

draws a^Znif tZ M c ° mpressor wlth an overall isentropic efficiency of 85% 
veZciZ nrl f an f t c ° mpr T eS l [ m the pressure rati0 °f 4 ■ L The mean blade speed and flow 

blaZveZtlTZ th : 0U8h f Ut fuming 50% reaction blading and taking 

blade velocity as 180 m/s and work input factor as 0.82, calculate : 

( i ) Flow velocity 

(ii) Number of stages 

Take otj = 12°, = 42°. 


Visit: www.Civildatas.com 

















































Visit: WWW .Ci viidatas : com 


790 


INTERNAL COMBUSTION ENGINES 


Solution. Given : 1 ^ = 85%, Tj = 20 + 273 = 293 K 


Pressure ratio, 
Work input factor 


Now 


„ = 4, C M = 180 m/s 

Pi 


= 0.82 


H?J 


T-l 

7 


L4-1 

= (4) 14 = 1.486 


T 2 ' = 293 x 1.486 = 435.4 K 


n 

0.85 = 


T 2 - T x 
435.4 - 293 
T 2 - 293 


Theoretical work required per kg 

= C P ( T 2 ~ T i> = 1.005(460.5 - 293) = 168.33 kJ/kg 
From velocity As (Fig. 20.62) 

£bl 


q = tan a x + tan pj = tan 12° + tan 42° = 0.212 + 0.9 = 1.112 


Work done per stage 


c /= 


~ 161.8 m/s. (Ans.) 


C M _ 180 
1112 = 1112 
= C /,1 ~ Cui,) x work input factor 


Now > C “ 2 = C f tan a, = 161.8 tan 42° = 145.7 m/s ( v c «, = £,) 

and C u>i = fytan a, = 161.8 tan 12° = 34.4 m/s 

Work done per stage = 180(145.7 - 34.4) x 0.82 x 1(H> kJ/kg = 16.4 kJ/kg 

Number of stages = = io 

16.43 

i-e.. Number of stages =10. (Ans.) 

Example 20.47. In an eight stage axial flow compressor, the overall stagnation pressure 
ratio achieved is 5 : 1 with an overall isentropic efficiency of 92 per cent. The inlet stagnation 
temperature and pressure at inlet are 290 K and 1 bar. The work is divided equally between the 
stages. The mean blade speed is 160 m/s and 50% reaction design is used. The axial velocity 
through the compressor is constant and is equal to 90 m/s. Calculate : 

(t) The blade angles. (is) The power required. 

T , SoI ^ tion - Gweh • if = 8 ; r p = 5 : 1 ; = 92% ; T 01 = 290 K ; p n = 1 bar ; C w = 160 m/s 

; Degree of reaction ~ 50% ; C f = 90 m/s. W 

(i) The blade angles, a v p lf p 2 : 

Refer to Fl & 20 69 for velocity diagrams. Since the degree of reaction is 50% reaction, the 
blades are symmetrical and hence the velocity diagrams are identical Thus 

= P 2 and S = Pj 
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-C bJ - 


Fig. 20.69 

Let suffix N denotes the number of stages. 

With isentropic compression the temperature of air leaving the compressor stage is 

\(l-Vy) 14-1 


But 


0.92 = 


Ton' 


PON 
P01 ) 


-- 290 x (5) L4 * 459.3 K 


Ton ~ Toi 
459.3 - 290 
Ton- 290 
459.3 - 290 


0.92 


+ 290 = 474 K 


The work consumed by the compressor 

= ~ T ol ) = (C w2 - 


C„i> C H -x N 


c p( T oN “ T ol ) = C f (tan cl, - tan a x ) C bl . N 

cST m - T ol )) 1005 (474 - 290) x 10 3 


. t 'p w «W ~ l ol' 

tan a,-tan a, = " 

From velocity triangles, we have 
c bi 


90 x 160 x 8 


= 1.605 


= tan cc + tan B, = 


u f 


160 

90 


= 1.778 


...00 


..Xu) 


Adding (t) and («), we get 


, o 1.605 + 1.778 cnir - 

tan B. =-= 1.6915 

1 2 

Pj = tan- 1 (1.6915) = 59.4° 

Pj = Oj = 59.4°. (Ans.) 


(v oc 1 = p x ) 


! ' 

1 i'l 
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or 


Putting the value of tan in («), we have 
tan aj + 1.6915 = 1.778 

tan Oh = 0.0865 or = tan" 1 (0.0865) = 4 94° 

«1 = P 2 = 4.94*. (Ans.) 

{lt) ^ P° wer required by compressor P ; 

P ~ m c (7L„ — T ) 

P x ON x 01' 

= 1 x 1.005(474 - 290) = 184.9 kW. (Ans) 

is 4 with overall stagnation pf ^ 8ure ra *«> achieve ^ 

temperature are 1 bar and 300 K. The mean blade speed is 180 mUTh St ? 8natl °? ™d 

at the mean radius with relative air angles of 12 -^w ^ ° f reaction is 0.5 

tively. The work done factor is 0.9. Calculate : ° ^ rotor ^ niet and ou tlet respec- 

(i) Stagnation polytropic efficiency. 

(it) Number of stages. 

(iii) Inlet temperature and pressure 

ZT T * “* r z r **•*■ *>»««—*. * ,9.5 

_ C. JU. -»; Dog,.. . 0.5. Work do„ **« . „ , „„ b . Up „ . 

Hence o, = p, = i 2 « ^ 5 = 0 * 2 . reac tion. the inlet and nutlet velocity diagrams are identical. 


m 



Fig. 20.70 

W Stagnation polytropic efficiency, n • 

The temperature at the end of the compression 


stage due to isentropic expansion is 


I 
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Tl OiSen = 0.85 = 


PoN 
Po 1 

Po// - 7n 


1 - 1.4-1 

300(4) 14 = 445.8 K 




01 


*<UV ‘ 


J 01 


445.8 - 300 
Ton -300 


T 445.8-300 
™qn =--+ 300 = 471.5 K 


Now 


0.85 

fpojv] 
- [_Poi J 


izl 


In 


In 


(If) 


...[Eqn. (20.104)] 




14-1 

In (4) L4 


0.396 


In ( 4715 1 0-452 

V 300 J 

(ii) Number of stages, N : 

From the configuration of velocity triangles, 


= 0.8761 or 87.61%. (Ans.) 


C bl 

C f = tan a : + tan = tan 12® + tan 32° = 0.8374 


Hi 


180 


: 214.9 m/s 


Now, 


f ~ 0.8374 ~ 0.8374 

C wl ^ Cf tan Ch = 214.9 x tan 12° = 45.68 m/s 

w t C ^2 = Cf tan ch = 214.9 x tan 32° = 134.28 m/s 

Work consumed per stage 

= C bi( C w 2 “ C wl ) x work done factor 
_ 180 (134.28- 45.68) x 0.9 

1555 = 1435 kJ-'kg 


[Eqn. 20.87)] 


Total work consumed by the compressor 

” c p^ T oN~ T oi> = 1*005(471.5 - 300) = 172.36 kJ/kg 
” Number of stages, N= ^ 12 stages. (Ans.) 

(m) Inlet temperature and pressure, T r p : 
first stage! abS ° 1Ute Vel ° dty C ’ ^ fr ° m thC gUide * V3neS 3nd a PP roachin g to moving blades of 


C 1 = 


214.9 


cos a, cos 12° 


= 219.7 m/s 


Temperature, 


T ol ~± i- = 300- 
2c n 


(219.7) 2 

2 x LOO5 x 1000 


= 276 K. (Ans.) 


Assuming reversible flow through the guide vanes put ahead of the first stage, 

-£L = fliV^ 

Pol [Toi) 

1.4 

Pl= * X (30o) 0.7469 bar. (Ans.) 
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(tv) Blade height in the first stage, 1 : 

The density of air approaching to first stage, 

^wr 0J ^Sf-- 0M29k ^ 3 

From the continuity equation, 

pjAjCyS m = 19.5 

0.9429 x nr^ll - (0.42) 2 ] x 241.9 = 19.5 

nl/2 


19.5 


But 


— = 0.42 

r i 


0.9429 x n x [1 - (0.42) 2 ] X 24L9 

r, = 18.18 x 0.42 = 7.636 cm 


= 0.1818 m or 18.18 cm 


Hence height of the blade in the first stage, 

1 = r i ~ r h = 1818 - 7.636 = 10.544 cm. (Ans.) 

Example 20.49. A multistage axial flow compressor delivers 20 kg/s of air. The inlet 
stagnation condition is 1 bar and 17°C. The power consumed by the compressor is 4350 kW. 
Calculate : 

(i) Delivery pressure. 

(ii) Number of stages. 

(Hi) Overall isentropic efficiency of the compressor. 

Assume temperature rise in the first stage is 15°C, the polytropic efficiency of compression 
is 88% and the stage stagnation pressure ratio is constant. 

Solution. Given : rh = 20 kg/s ; p , = 1 bar ; T, = 17 + 273 = 290 K ; P = 4350 kW ; 
T o2 = 15 + 290 = 305 K ; t| p = 88%. 01 ’ 

(i) Delivery pressure, ; 


In 


Now, 


{is* 

l Pol. 


T-l 
I T 




kT ° r 

/ \ 0.2857 

In -Se2. = 0.88 x In f — | = 0.04438 

IPoiJ l290j 

( 


0.88 


/ \0.28£ 

h(“l 

V290j 


\0 
Po 2 

Pol) 


a e 00443a = 1.0454 


The power required by the compressor, 


^22. = 0.0454)0 2857 = 1.168 
Pol 


P= rh X c p x (T oN - TJ 
4350 = 20 x 1.005 x (T oN - 290) 
T = 4350 

oN 20 x 1005 


+ 290 = 506.4 K 


Also, the polytropic efficiency of the compressor is given as 


...(20.103) 
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0.88 = 


14 - 1 
14 


n 

n- 1 


n _ 0.88 x 14 
n-\~ (14-1) 


= 3.08 


During polytropic compression from first stage to last, we have 


P,N_r^V^r506.4f° 8 = ., 


Pol 


V 290 ) 


.567 


p oN = 1 x 5.567 = 5.567 bar. (Ans.) 
(ii) Number of stages, N : 

As the pressure ratio for each stage is the same hence 

P02 = P03 = £oi = . Pop , 

Poi P02 P03 Po(iV-i) 

where suffix N indicates the number of stages. 

f Po2^| _ PON 

V Poi J Pol 

Taking log on both the sides, we get 

N= lnf^l = lnf^l 


l Pol 


N : 


In! 

PoN 1 

1 

.Pol J 

In 

te) 


vPoi; 


' In (1168) 


= 11. (Ans.) 


(Hi) Overall isentropic efficiency of the compressor, (Tl overaU ) i8en : 

With isentropic compression the temperature of air leaving the compressor is, 

U.1 


Tj=T ol 


f PoN 
l Pol 


^overall) is 


T nN '-T ol 473.6-290 


= 290 (5.567) L4 = 473.6 K 

0.8484 or 84.84%. (Ans.) 


a _ oon 


HIGHLIGHTS 


1. An air compressor takes in atmospheric air, compresses it and delivers the high pressure air to a storage 
vessel from which it may be conveyed by a pipeline to wherever the supply of compressed air is required. 

2. Air and gas compressors are classified into two main types : 

(0 Reciprocating compressor («) Rotary compressors. 

3. Single stage compressor 

Equation for work (neglecting clearance), 


W=- mRT\ 

n -1 


P2 1 n 
Pi, 




i 

i 
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Equation for work (with clearance relume), 

w =7^l^- v 4) 


internal combustion engines 


n-1 


compressor. etRc ! eacy of a compressor is the ratio offij, a ir dehvered to th dh 

red to the displacement of the 


= 1 + k ~k 


Pa 




where, k - Vc (clearance volume) 

V s (swept volume) ~ Clearance ratio. 


v s (swept volume) ~ ^ ie arance ratio. 
Multi-stage compression is very efficient • 


f^or P2= ^ 
orx-sUge compressor tke work to be supplied, 


ir/ xn 
w '~^ 


r n ,*^1 

fx -i-1 I xn 

Pi 


-1 


engin^, provided ^* appHes to any type of compressor or motor, and ev 

fricUon ^high) and any d^ampn^s in^e*^. ft^^eiTrapid^te^ n0 '^cation but ^ 

Pressure co- 

Degree faction (R„) is defined as 

A, . 


-^^^^^~r^PEQUEsnoNs~j 


Choose the Correct Answer: 

t0 a ‘ r C ° mpreSSOr is minimu » ^the compression law followed is 
WXsentropic p V v =C (WlsethemalpV^c 

(d) p V 12 = c. 
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(a) very low speeds -mpress.on desired is isother, 

Wany speed as speed does not affect the compression^^^ 

(d) none of the above. 

Work input to the air compressor wi th V as index of compression 
(a) increases with increase in value of/i 

(c) remains same whatever the value of n 

(d) first increases and then decreases with increase of v alue ofn. 

the comp'ressionprocaM iflsothermal is^venby 1PreSS ° r W * tkou ^ c ' earance par kg of air delivered when 


(b) decreases with increase in value of n 


(a) 


-1 


(b) 717 w 


(c) PiPi logg &- 

pi 



id) 


l °S e & 
tl 1 Pi 


5 - 

a to reduce the work done per kg of air delivered 
6 to increase the volumetric efficiency of the compressor 
c to accommodate valves in the head of the compressor 
W> to create turbulence in the air to be delivered. 

' (aLZZT ^ dearanCe V ° 1Ume> ^ ldeal WWk “Compressing X kg of air 

fr) mm r. • (^) decreases 

ic; remains same 

7- In reciprocating air compressors the clearance ratio!^7““ ^ deCreaSeS ' 

Tot al volume 0 f cyl inder „ . , 

} (6) Swe P tvolume °f tvhmlir 

Clearance volume 

/ \ Clearan ce volume 

Swept volumsTofcyhnder , (d) V ° lume - 

8. With total volume of cylinder ' 

Wfirslincreas^volunwtri,,^ , nd 

TpT 


(a) 


( 6 ) 


, v F.P. 
(C) RK 


I.P, 

B.P, 


F P 

W TF 


6 l6akage ° f «" * multi-stage compression m 

(a) more 

(c) constant (6) Iess 

(rf) may be more or less 

T 
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11. Work done in a two stage reciprocating air compressor with imperfect cooling is given by 
n -1 


(a) ~^ T P 1 V 1 
n -1 


2 n Tr 
(6) -rPiVi 


n -1 

«) 


(?)' - 

fef- 


n - 1 

P3_l 2 " 

W'J 


t—P2V2 
n-r 2 2 


n- l 

PS_ ] n 
P2 


-1 


2n 

(c) — PiVx 


P3 ] 2/1 
Pi 


12. Work done in a two-stage reciprocating air compressor with perfect intercooling is given by 




» -1 

n-l 

(a) -\ Pl V x 

[ei 

+f : 

&| *■ -s 

ft - 1 

[pij 

1 l 

pi) 



n-l 


(c) 


|~-i 


n -1 

KPlj 




(6) -—-rrPiYi 

ft - 1 


(d) 

n -1 


n -1 

&-} " -1 
Pi 


Pi 


l-l n-l 


P2 


13. In reciprocating air compressor the method of controlling the quantity of air delivered is done by 

(a) throttle control (6) blow-off control 

(c) clearance control ( d ) all of the above. 

14. The efficiency of Vane type air compressor as compared to Roots air compressor for the same pressure ratio 
is 

(a) more (6) less 

(c) same { d .) may be more or less. 

15. In centrifugal air compressor the pressure developed depends on 

(a) impeller tip velocity (b) inlet-temperature 

(c) compression index ( d ) all of the above. 

16. In a centrifugal air compressor the pressure ratio is increased by 

(а) increasing the speed of impeller keeping its diameter fixed 

(б) increasing the diameter of the impeller keeping its speed constant 

(c) reducing inlet temperature, keeping impeller diameter and speed fixed 



(d) 

all of the above. 


Answers 




1. 

(b) 

2. (a) 

a (a) 

4(c) 

Me) 

6. (c) 

7. (c) 

a 

( b ) 

9. (b) 

l<k(fr) 

XL (a) 

12. ( b) 

13. (d) 

14 (a) 

15. 

(d) 

16. (<*). 











THEORETICAL QUESTIONS 


1. Enumerate the applications of compressed air . 

2. State how are the air compressors classified ? 

3. Describe with a neat sketch the construction and working of a single-stage single-acting reciprocating air 
compressor. 
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4. Prove that the work done/kg of air in a compressor is given by 


W=RT X 


ft -1 


, where r = pressure ratio. 


5. Prove that the volumetric efficiency of a single stage compressor is given by 


7 } io/ = l + k-k j” , where k = . 

6. State the conditions which lower the volumetric efficiency. 

7. Explain with a neat sketch actualp-V diagram for a single-stage compressor. 

8. What do you mean by multistage compression ? State its advantages. 

9. What is the effect of atmospheric conditions on the output of a compressor ? 

10. Explain briefly with a neat sketch a reciprocating air motor. 

11. Write a short note on 'rotary type air motor.’ 

12. What is a rotary compressor ? How are rotary compressors classified ? 

13. What is a centrifugal compressor ? How does it differ from an axial flow compressor ? 

14. What is Euler’s work ? 

15. What is a slip factor and a pressure co-efficient ? 

16. Describe briefly an axial-flow compressor. 

17. Draw the velocity diagrams of an axial-flow compressor. 

18. What do you mean by ‘surging’ and ‘choking 1 ? 

19. Prove that the work done in two-stage compressor per kg of air delivered with perfect intercooling is given 

by 


Wl kg = RTi 

ft — 1 


Using the above equation, prove that the work done/kg of air in ‘ x * stages with perfect intercooling is given 
by 


W/kg= RTi 

ft -1 


20. Prove that the heat rejected (per kg of air) with perfect intercooling 



or.-iy: 


21. Explain with a neat sketch the actual p-V diagram for a two-stage compressor. 

22. Define the following efficiencies as applied to reciprocating air compressor: 

(i) Compressor efficiency. (it) Isothermal efficiency. 

(iii) Adiabatic efficiency. (iv) Mechanical efficiency. 

23. Write short notes on any three of the following: 

(t) Clearance in compressors. (ii) Free air delivered (F.A.D.) and displacement, 

(iii) Compressor performance. (iu) Control of compressors. 

( 0 ) Arrangement of reciprocating compressors, (vi) Intercooler. 

(vii ) Compressed air motors. 


j 


\ 

* 

I 


i! 
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unsolvkd examples 


L 15 . c t0 7bar . 

nwmm, when tha compression process 

(i) Isentropic 

C«) Reversible isothermal 

fAns. 1.31 kW; 0.98 kW; 1.19 kWj 


(i) Isentropic 
ini) Polytropic, with n = 1.25. 

'TO._ 


8 . 


* yyivuri - 

The compressor ofthe above example is to run at. innn rr t (Ans. 1.31 kW; 0.98 kW; 1.19 kW) 

stroke/bore ratio of 1.2/1, calculate the bore size requfre d P ' m ' COm P ress °’-» single-acting and has a 

tb!“ g i e ‘? age ' Smg,e ' aCtingaircom P r “s<>rnmnin e atlOOnrn j v IAns.68.3mml 

tihe induct,on and free air conditions can be taken as Om f j*^ erS air at 25 bar - For this purpose 
m /min. The clearance volume is 3% ofthe swept volume f jfv.^ 15 C ’ and the free air delivery as 0.25 
bore and stroke and the volumetric efficiency of th! f” d stroke/b ore ratio is 1.2:1. Calculate the 

4. A ®tofile-acting compressor is required to deliver air at 7^T ^ 187 ' 84 "™ '' 676%; 2 kW; 67 - 6 %] 

ate of 2.4 m /mm measured at free-air conditions 0 f 1 ni q h fi ?" ™ mductl0n pressure of 1 bar, at the 
induction stroke is 32°C. Calculate the indicated dowp bar and 15 ° C ^ temperature at the end ofthe 
stages with an ideal intermediate pressure andtomnW^ 1 ?^ lfthe com P ressi on is carried out in two 
expansmn for both stages is 1.26. What X “vingTn iowe" f' ^ ° f ^eJon znd 

If the clearance volume is 3% of the swent vnl • ? T ° V6r sin & le ‘ sta £e compression ? 

cylinders. The speed ofthe compressor is 750 rX “ ^ Cylinder ' Calculate «*« swept volumes ofthe 

re^d eChamCal effidenCy ° fthe C ° mpressor ^ 85%, calculate the power output in kilowatt 

5. A single-cylinder, single-acting air compressor'^ 8 '^ ? kW ’ 6 kW ’ 0 00396 m 3 , 0.000474 m 3 , 26 . 75 ’^ 

The mechanical efficiency ofthe drive between X^and P ' m by a 23 kW ele ctric motor. 

of tlm Mmpr^™* ^ 0 ^ the 

the^s^roke. 51011 * Sn ~ b3 » that the clearance volume is ^^^tli^swept volmne andthat the borois^e [[uaHo 

6. A two-stage air compressor consists of three rvlind. u • (Ans. 4.47 m 3 /min ; 73%; 296 mm) 

pressure is 7 bar and the free air deliveiy i s 4 2 r J/rmn Air'T,!" 6 ' the Same b ° re and stroke - The delivery 
cools the air to 38°C The ind^v nf ^ 1S drawn in at 1*013 bar 15°r and an , y 

calculate: »f compression is 1.3 for all the three cylinders 

(i ) The intermediate pressure ,.. m 

Wi) The isothermal efficiency. ’ “ P ° Wer re< * uired to drive the compressor 

• A two-stage double-acting air compressor „„ (Ans. 0 2.19 bar <«0 J6.3 kW (i,7) 84.5%] 

and th LP ' Cyl ' Qder ^ 350 * 380mm ; U»es troke omTcT'd " “ a ‘ r at 1013 bar and 27 °C. The 

and the clearance ofboth the cylinders is 4%. The L.P cvltaiW^w “ he Same as that ofth ® L.P. cylinder 

dischT P H S f eS th v° Uf?h the intercooIe r so that it enters the HP* 1 -"T*^ 3t 3 pressure of4.052 bar. 

P n ovvf r ° m thecompresaorat 15.4 bar The value of •■f Cyl,nderat 27 ‘C and 3.85 bar, finally it is 

* = 0.287 W/kg K. Va ' Ue of * lnb ^ b cylinders is 1.3.c, = 1.0035 icj/kgKand 

Calculate : W The heat rejected in the intercooler 

Url The diameter of HP. cylinder T , 

(« ) The power required to drive the H.P. cylinder. 

A single-acting two-stage compressor with complete in,* ^ 1805 68 kg/mm fa) 179.5 mm (iii) 37.3 kW] 
suction occurs at 1 bar and 15"C. The expansion and com C ° mg deWs 10 kg/min of ai c at 16 bar The 
polytropic indexn = 1.25. Calculate: d pressior> Processes are reversible polytropic with 

(O The power required. . 

(ni) The free air delivery. .“ 1 he thermal efficiency. 

Heat transferred in intercooler. 
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(P) diM^mce*vrfuutmsfor^di^dh^CT P cylinders are °.°4 and 0.06 respectively, calculate the swept and 

The speed of the compressor is 400 r.p.m. [Ans. (i) 44 kW, (ii) 86.8% (iii) 8.266 mVmin (in) 15.41 kW 
q (u)0.0225m 3 ,0.0009m 3 ; 0.00588m 3 ,0.000353m' 1 ] 

C ° mpreSS0 , r ™ th “ mplete intercooling delivers sir to the mains at a pressure of 30 bar, the 

cylinders diametT ^‘"fl! b 'm a " d “ b ° th cylinders have tbe sam e stroke, find the ratio of the 
to be 1.3 d 1 f ° r the efficlency of compression to be a maximum. Assume^the index of compression 

in i- j fAns. 2.337J 

' nre^urTon5b!r n a f“ gC °T e8SOr “ reqUired t0 COmpress 25 “ 3/min of air a ‘ 1 ba r and 25*C to a 
addit?onaldatat «iven! rm,ne *“^ r6qUired and theCyl “ der dim ~ if tba ***** 
Clearance volume = 5 %,L/D = 1.2, r.p.m. = 300, Mechanical efficiency = 80%, Value of index, n = 1.35 
Assume no pressure change in suction valves and the air gets heated by 10*C during suction stroke. 

11 A fkr-rxr, l Alls * D = 550 mm, L - 680 mmj 

stages follows a fr ° m 104 ^ t0 35 bar ' T, ’ C “m.presaion in all , 

clearance and assuming perfect ilter^^mrfind 6 : " "™ 8t ' n ’ et ° f “"'f™ ls 288 

(i) Indicated power required to deliver 14 m 3 ofhydrogen per minute measured at inlet conditions. 

\ii) intermediate pressures. 

Take R =s 4125 J/kg K. fA 

12 Atlirt i- (Ans. (i) 96.2 kW(u) 3.354 bar, 10.815 barl 

■ - - 

13 AfbrPP C f QfT -is-. [Ans. 100.3, kW, 3.271 bar, 10.7 barj 

deBvewofJ fZ JCtl " g a,r c t OInpressar ^running in an atmosphere at 1.013 bar and 15*Chas a free air 
late the indicated TheSUCtl “ npressureandtem P eraturea ro0.98barand32"CrespecliveIy.Calcu- 

M — aad -JKS-S 

■ «: r d rcut«„T^ 

15 - 

are so o osenZt The Trkt d T f C ° m ^ esslm “ aacb « 32 "C and the intermediate pressures 
so chosen that the work is divided equally among the stages. Neglecting clearance find : 

(0 The volume of free air delivered per kWh at 1.013 bar and 15*C 
(u) The temperature at delivery from each stage. 

(iii) The isothermal efficiency r* ... „ 

16 A multi • y fAns ’ 6 24 m /kWh > (w) 122°c, (iii) S7.87%\ 

i 

(i) Number of stages. /•nr 

T . Uil bxact stage pressure ratio. 

17. ffiafideaTf , PreSSUreS ' • . fAns. (i) 4, (ti) 3.31 (iii) 36.25 bar, 10.95 bar, 3.31 barl 

300 K The airL S dehvered P at°apressure C of2 Pr 6MN/iS e, nie ! co reSSUre is! ^ ^ kN/n ' 2 and temperature is 

requirement and has nprfprt int r tu ■’ com P ressor 1S designed for the minimum power 

form to the relation/, V 3 3 = C. Determine : * reVerS ' b ' e com P ressi °n and expansion processes both con- 

(i) Intermediate pressures. CO The air delivery temperature. 

Kiu) The ideal isothermal efficiency. 

whic., may be assumed to be a perfect gas, the specific gas constant is 0.28702 kJ/kg K. 

[Ans. (i) 395 kN/m 2 , 1628 kN/m 2 and 7 is N/m 2 fit) 380 K (iii) 88.5%] 
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Rotary compressors 

18. Air at 1.013 bar and lS^C is to be compressed at the rate of 5.6 m a /min to 11.75 bar. Two machines are 

considered : (i) the roots blower; and ( ii ) a sliding vane rotary compressor. Compare the powers required, 
assuming for the vante type that internal compression takes place through 75% of the pressure rise before 
delivery takes place, and that the compressor is an ideal uncooled machine. (Ans. 6.88 kW, 5.75 kW] 

19. Air is compressed in a two-stage vane type compressor from 1.013 bar to 8.75 bar. Assuming equal pressure 

ratio in each stage, calculate the power required. Assume that in each compression is complete and that 
intercooling between .stages is 75% complete. Calculate also the capacity of the high pressure stage in cubic 
metres per minute fo r a free air delivery of 42 m 3 /min measured at 1.013 bar and 15°C. The machine is 
uncooled except for th e intercooler and operates in an ideal manner. [Ans. 187 kW ; 15.6 m 3 /min] 

20. A roots blower compre sses 0.06 m 3 of air from 1.0 bar to 1.45 bar per revolution. Calculate the compressor 

efficiency. (Ans. 87.11%) 

21. Free air of 30 m 3 /min is compressed from 1.013 bar to 2.23 bar. Calculate the power required (i) if the 
compression is carried out in roots blower, (ii) if the compression is carried out in vane blower. Assume that 
there is 25% reduction in volume before the back-flow occurs, and ( Hi ) the isentropic efficiency in each 
case. 

[Ans. (i) 60.85 kW (ii) 48.46 kW (Hi) 73.69%, 92.53%) 

22. A centrifugal compressor is designed to have a pressure ratio of 3.5 : 1. The inlet eye of the compressor 
impeller is 30 cm in diameter. The axial velocity at inlet is 130 m/s and the mass flow is 10 kg/s. The velocity 
in the delivery duct is 115 m/s. The tip speed of the impeller is 450 m/s and runs at 16000 r.p.m. with total 
head isentropic efficiency of 78% and pressure co-efficient of 0.72. The ambient conditions are 1.013 bar and 
15°C. 

Calculate: 

(0 The static pressure ratio 

(ii) The static pressure and temperature at inlet and outlet of compressor 
(Hi) Work of compressor per kg of air, and 

(iu) The theoretical power required. [Ans. (i) 4.21 (ii) 0.917 bar, 279.6 K, 3.86 bar, 461.07 K 

(iii) 180.29 kJ/kg of air ( iv ) 1802.9 kW) 

23. Air at a temperature of 290 K flows in a centrifugal compressor running at 20000 r.p.m. The other data 
given is as follows : 

Slip factor = 0.80 ; Isentropic total head efficiency = 0.75 ; Outer diameter of blade tip = 500 mm. 
Determine: 

(i) The temperature rise of air passing through the compressor. 

(it) The static pressure ratio. 

Assume that the velocities of air at inlet and exit of the compressor are same. 

[Ans. (i) 218.62°C (ii) 4.8] 

24. An axial flow air compressor of 50% reaction design has blades with inlet and outlet angles of 45° and 10° 

respectively. The compressor is to produce a pressure ratio of 6 :1 with an overall isentropic efficiency of 
0.85 when the air inlet temperature is 40°C. The blade speed and axial velocity are constant throughout the 
compressor. Assuming a value of200 m/s for the blade speed, find the number of stages required when the 
work factor is (i) unity (ii) 0.89 for all stages. [Ans. (i) 9 (ii) 10] 

25. A centrifugal compressor running at 9000 r-p.m. delivers 600 m 3 /min of free air. The air is compressed from 
1 bar and 20°C to a pressure ratio of 4 with an isentropic efficiency of 0.82. Blades are radial at outlet of 
impeller and the flow velocity of 62 m/s may be assumed throughout constant. The outer radius of the 
impeller is twice the inner and the slip factor may be assumed as 0.9. The blade area coefficient may be 
assumed as 0.9 at the inlet. Calculate : 

(i) Final temperature of air. 

(ii) Theoretical power. 

(iii) Impeller diameters at inlet and outlet. 

(iv) Breadth of the impeller at inlet. 
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(u) Impeller blade angle at inlet. 

(ui) Diffuse blade angle atinlet. [Ans. (i) 466.85 K; (ii) 2077.7 kW (iii) 46.745 cm, 94.9 cm ; 

(iv) 12.2 cm, (v) 15.7°, (ui) 8.9°J 

26. A single inlet type centrifugal compressor handles 8 kg/s of air. The ambient air conditions are 1 bar and 
20°C. The compressor runs at 22000 r.p.m. with isentropic efficiency of 82%. The* air is compressed in the 
compressor from 1 bar static pressure to 4.2 bar total pressure. The air enters the impeller eye with a 
velocity of 150 m/s with no prewhirl. Assuming that the ratio of whirl speed to tip* speed is 0.9, calculate : 

(i) Rise in total temperature during compression if the change in K.E. is negligible. 

(ii) The tip diameter of the impeller. 

(iii) Power required. 

(iu) Eye diameter if the hub diameter is 10 cm. 

[Ans. (i) 167.67°C; (ii) 37.56 cm ; (iii) 4348 kW ; (iv) 25.9 cm| 

27. In an axial flow compressor, the overall stagnation pressure ratio achieved is 4 w ith overall stagnation 
isentropic efficiency 86 percent. The inlet stagnation pressure and temperature aro 1 bar and 320 K. The 
mean blade speed is 190 m/s. The degree of reaction is 0.5 at the mean radius with relative air angles of 10° 
and 30° at rotor inlet and outlet respectively. The work done factor is 0.9. Calculate : 

(i) Stagnation polytropic efficiency. 

(ii) Number of stages. 

(iii) Inlet temperature and pressure. 

(iv) Blade height in the first stage if the hub-tip ratio i»0.4, mass flow rate is 20 kg/s. 

[Ans. (i) 88.4% ; (ii) 11; (iii) 287.39 K, 0.68 64 bar, (iv) 11.4 cm} 

28. A multistage axial flow compressor delivers 18 kg/s of air. The inlet stagnation condition is 1 bar and 20°C. 
The power consumed by the compressor is 4260 kW. Calculate : 

(i) Delivery pressure. 

(ii) Number of stages. 

(iii) Overall isentropic efficiency of the compressor. 

Assume temperature rise in the first stage is 18°C. The polytropic efficiency of compression is 0.9 and 
the stage stagnation pressure ratio is constant. [Ans. (i) 6.41 bar ; (ii) 10 ; (iii) 87.24%[ 
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Gas Turbines and Jet Propulsion 


21 1. Gas turbine? general aspect,. 21.2. Classification of g as turbines. 21.3. Merits of gas turbines 
21.4. Constant pressure combustion gas turbines-Open cycle gas turbines—Methods for 
ZfTT 0f the ™ aI e ® cienc y of open cycle gas turbine plant—Effect of operating variables on 
thermal efficiency—Closed cycle gas turbine—Merits and demerits of closed cycle gas turbine over 
S f S tur f , “ e -2 1 a 5 -Constant volume combustion turbines. 21 . 6 . Uses of gas turbines 

mrin?-Crth f PrOP , UlSi0n_Turb °' Jet-D6scri P tio,l - Basic ovcle for turbo-Jet 

engine Thrust, thrust-power, propulsive efficiency and thermal efficiency-Turbo-prop-Ran- 

e j 1 *P nes Requirements of an ideal rocket propeller, t-Appfeffions 
of rockets Thrust work propulsive work and propulsive efficiency-Highlights-Objective Tyne 
Questions—Theoretical Questions—Unsolved Examples. J W 


21.1. GAS TURBINES—GENERAL ASPECTS 

Probably a wind-mill was the first turbine to produce useful work, wherein the there is no 

n am C °tT SS10, i !, n ° combustlon - The characteristic features of a gas turbine as we think of the 
name today include a compression process and a heat addition (or Combustion) process The sis 

The following are the major fields of application of gas turbines : 

1 . Aviation 2 . Power generation 

3. Oil and gas industry 4 . Marine propulsion. 

IiiG £j<is turbines hsve the following limitntinnQ • A') n^u± ir ♦ 

21.2. CLASSIFICATION OF GAS TURBINES 

The gas turbines are mainly divided into two groups : 

1. Constant pressure combustion gas turbine 

(a) Open cycle constant pressure gas turbine 

(b) Closed cycle constant pressure gas turbine. 

804 
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2. Constant volume combustion gas turbine 

In almost all the fields open cycle gas turbine plants ace used. Closed cycle plants were 
introduced at one stage because of their ability to burn cheap fuel. In between their progress 
remained slow because of availability of cheap oil and natural gas. Because of rising oil pricesnow 
again, the attention is being paid to closed cycle plants. 

21.3. MERITS OF GAS TURBINES 

(i) Merits over I.C. engines ; \ 

1. The mechanical efficiency of a gas turbine (95%) is quite high as compared with I.C. 
engine (85%) since the I.C. engine has a large number of sliding parts. 

2. A gas turbine does not require a flywheel as the torque on the shaft is continuous and 
uniform. Whereas a flywheel is a must in case of an I.C. engine. 

3. The weight of gas turbine per H.P. developed is less than that of an I.C. engine. 

4. The gas turbine can be driven at a very high speeds (40000 r.p.m.) whereas this is 
not possible with I.C. engines. 

5. The worik developed by a gas turbine per kg of air is more as compared to an I.C. 
engine. This is due to the fact that gases can be expanded upto atmospheric pressure 
m case of a gas turbine whereas in an I.C. engine expansion upto atmospheric pres¬ 
sure is not possible. 

6. The components of the gas turbine can be made lighter since the pressures used in it 
are very low, say 5 bar compared with I.C. engine, say 60 bar. 

7. In the gas turbine the ignition and lubrication systems are much simpler as com¬ 
pared with I.C. engines. 

8. Cheaper fuels such as paraffine type, residue oils or powdered coal can be used whereas 
special grade fuels are employed in petrol engine to check knocking or pinking. 

9. The exhaust from gas turbine is less polluting comparatively since excess air is used 
for combustion. 

10. Because of low specific weight the gas turbines are particularly suitable for use in 
aircrafts. 

Demerits of gas turbines 

1. The thermal efficiency of a simple turbine cycle is low (15 to 20%) as compared with 
I.C. engines (25 to 30%). 

2. With wide operating speeds the fuel control is comparatively difficult. 

3. Due to higher operating speeds of the turbine, it is imperative to have a speed reduc¬ 
tion device. 

4. It is difficult to start a gas turbine as compared to an I.C. engine. 

5. The gas turbine blades need a special cooling system. 

6. One of the main demerits of a gas turbine is its very poor thermal efficiency at part 
loads, as the quantity of air remains same irrespective of load, and output is reduced 
by reducing the quantity of fuel supplied. 

7. Owing to the use of nickel-chromium alloy, the manufacture of the blades is difficult 
and costly. 

8. For the same output the gas turbine produces five times exhaust gases than I.C. 
engine. 

9. Because of prevalence of high temperature (1000 K for blades and 2500 K for combus¬ 
tion chamber) and centrifugal force the life of the combustion chamber and blades is 
short/small. 
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(ii) Merits over steam turbines : 

The gas turbine entails the following advantages over steam turbines : 

1. Capital and running cost less. 

2 . For the same output the space required is far less. 

3. Starting is more easy and quick. 

4. Weight per H.P. is far less. 

5. Can be installed anywhere. 

6 . Control of gas turbine is much easier. 

7. Boiler along with accessories not required. 

21.4. CONSTANT PRESSURE COMBUSTION GAS TURBINES 

21.4.1. Open Cycle Gas Turbines 

Refer Fig. 21.1. The fundamental gas turbine unit is one operating on the open cycle in 
which a rotary compressor and a turbine are mounted on a common shaft. Air is drawn into the 
compressor and after compression passes to a combustion chamber. Energy is supplied in the 
combustion chamber by spraying fuel into the air stream, and the resulting hot gases expand 
through the turbine to the atmosphere. In order to achieve net work output from the unit, the 
turbine must develop more gross work output than is required to drive the compressor and to 
overcome mechanical losses in the drive. The products of combustion coming out from the turbine 
are exhausted to the atmosphere as they cannot be used any more. The working fluids (air and 
fuel) must be replaced continuously as they are exhausted into the atmosphere. 




If pressure loss in the combustion chamber is neglected, this cycle may be drawn on a T~s 
diagram as shown in Fig. 21.2. 

• 1-2' represents : irreversible adiabatic compression. 

• 2'-3 represents : constant pressure heat supply in the combustion chamber. 

• 3-4' represents : irreversible adiabatic expansion. 
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T~ 


• 1-2 represents : ideal isentropic compression. 

• 3-4 represents : ideal isentropic expansion. 


T 



Assuming change in kinetic energy between the various points in the cycle to be negligi ly 
small compared with enthalpy changes and then applying the flow equation to each part of cycle, 
for unit mass, we have 

Work input (compressor) = c p (T 2 - TJ 

Heat supplied (combustion chamber) = c p (T 3 - T 2 ) 

Work output (turbine) = c p (T 3 - T 4 ) 

• Net work output = Work output - Work input 

Net work output 

and ^thermal- Heat supplied 

c„cr3-7y)-c„CTy-ri) 

= c p (T 3 -T 2 ') 

Compressor isentropic efficiency, 

Work input required in isentropic compression 
Actual work required 

_ c p (T 2 ~TQ _ T 2 -Ti ...(21.1) 

” c p ay-2i) sy-Ti 

Turbine isentropic efficiency, T) turbiru; 

Actual work output 
Isentropic work output 
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internal combustion engines 

= £p<Ts-?V) . r 3 -7y 

C p^a-T t ) T^r (212) 

r p r' e °r“ r Cifi H heat 0f 3 reaI gas varies > and a >*° in the 

compressor because fuel has been added and a chemical n T “ turbine is dlff «-ent from that in the 

•' Z Jr Per T U l e and air/fueI ratio ““ used^d 1 a ^ ken , Pla “' ^ sh ™"S the variatfon of 

values of gaS , t "'"“ a PraCt ' Ce to assume fl *ed mean valued andTfo ‘“\T hence ? can he found out. It 

s °fc and y for the compression process In an nmn «, 1 Jp and I f<3r the expansion process, and fixed mean 

Lrr than that in com P ress »i- due to mass of fuel bmd'h Tt turbmeunit th e mass flow of gases in turbine 
ofa,> ra , n U ?, da f large ' Ms °' in ™anycases, ? Snegiectrf A 22/ 

a at high altitudes, bled air is used for de-icine u- m t )ressor t° r cooling purposes, orin the case 
approximately the same as the mass of fuel injected S“ “* This amount of air Wed" 

Turbine p®jJ“ provement of Thermal Efficiency of Open Cycle Gas 

of the pl h aj° n ° mne meth ° dS are 6mpl0yed the specific output and thermal efficiency 

1. Interceding 2. Reheating , - 

developed UtiIises ‘hemajor^rcentage of power 

the air in two stages and incorporating an intercoZlrrht ^^ Can be reduced b y compressing 

moT ndme ** for the unit shown in Pig e 2x7^1^ « Se^ace^ 

U9/ T s-r 


1 - 2 ' 
2'3 
3-4' 
4'-5 
5-6' 


L.P. (Low pressure) compression 
Intercooling 

H.P. (High pressure) compression 
C.C. (Combustion chamber)-heating 
T (Turbine)-expansion 



Visit: www.Civildatas.com 


GAS TURBINES AND JET PROPULSION 


§09 


The ideal cycle for this arrangement is 1-2-3-4-5-6 ; the compression process without 
intercoohng is shown as 1-L' in the actual case, and 1-L in the ideal isentropic case. 

T t 



...(21.3) 


Fig. 21.4. T-s diagram for the unit. 

Now, 

Work input (with intercooling) 

Work input (without intercooling ) 

= C p (T L ’ - T,) = c p (T 2 - - Tj) + c p (7y - r 2 ') ...(21.4) 

By comparing equation (21.4) with equation (21.3) it can be observed that the work 
input with intercoohng is less than the work input with no intercooling, when c (TV - TL) is 
ess an c p L T 2 ). This is so if it is assumed that isentropic efficiencies of the two compressors 
operating separately, are each equal to the isentropic efficiency of the single compressor which 
would be required if no intercooling were used. Then (T/ - T 3 ) < (T L ' - 7V) since the pressure lines 
diverge on the T-s diagram from left to the right. 

Net work output 


Again, work ratio 


Gross work output 
Work of expansion - Work of compression 


Work of expansion 

From this we may conclude that when the compressor work input is reduced then the work 
ratio is increased. 


However the heat supplied in the combustion chamber when intercooling is used in the 
cycle, is given by, 

Heat supplied with intercoohng = c p (T s - T 4 ') 

AImi the heat supplied when intercooling is not used, with the same maximum cycle tem¬ 
perature T s , is given by 

Heat supplied without intercooling = c p (T 5 - T L ') 
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Although heat . supplied when intercooling is used is greater than with no intercooling. 

f_ hpaf tn h W ° rk ° utput ls {"creased by intercooling it is found in general that the increase 

sun h nU Of r b V UPPh t d caus ? s . the i^'-'nal efficiency to decrease. When intercooling is used a 

Idvalta f T K Dg J r USt be readlly avaiIable ' The additional bulk of the unit may offset the 
advantage to be gained by increasing the work ratio. 

in twn T , he ° ut E ut of 3 gas turbine can be am P ! y improved by expanding the gases 

wo stages with a reheater between the two as shown in Fig. 21.5. The H.P. turbine drives the 

isThown in fL 2^ Th ^ ^ The “^spending ^di^ram 

employed g 21-6 ‘ The lme 4 ~ L represents the expansion in the L.P. turbine if reheating is not 
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Neglecting mechanical losses the work output of the H.P. turbine must be exactly equal to 
the work input required for the compressor i.e.„ (T 2 ' - 7\) = c pg (T 3 - T A ) 

The work output (net output) of L.P. turbine is given by, 

Net work output (with reheating) = c pg (T s ~ T 6 ') 

and Net work output (without reheating) = c pg (T 4 - T L ') 

Since the pressure lines diverge to the right on T-s diagram it can be seen that the tempera¬ 
ture difference {T 5 - T 6 ') is always greater than (T 4 ' - T L ') t so that reheating increases the net work 
output. 

Although net work is increased by reheating the heat to be supplied is also increased, and 
the net effect can be to reduce the thermal efficiency 

Heat supplied = c pg (T 3 - T 2 ) + c pg (T 5 - T A '). 

Note. c po and c pg stand for specific heats of air and gas respectively at constant pressure. 

3. Regeneration. The exhaust gases from a gas turbine carry a large quantity of heat with 
them since their temperature is far above the ambient temperature. They can be used to heat the 
air coming from the compressor thereby reducing the mass of fuel supplied in the combustion 
chamber. Fig. 21.7 shows a gas turbine plant with a regenerator. The corresponding T-s diagram 
is shown in Fig. 21.8. 2'-3 represents the heat flow into the compressed air during its passage 
through the heat exchanger and 3-4 represents the heat taken in from the combustion of fuel. 
Point 6 represents the temperature of exhaust gases at discharge from the heat exchanger. The 
maximum temperature to which the air could be heated in the heat exchanger is ideally that of 
exhaust gases, but less than this is obtained in practice because a temperature gradient must exist 
for an unassisted transfer of energy. The effectiveness of the heat exchanger is given by : 
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8 = -—J^^aseine nthalpy per kg of ai r 

Available 

= i?WV) 

( . C7i' —7i') ...(21.5) 

(assuming Cpa and to be equal) 




Fig. 21.8. T-s diagram for the unit 
'* “ <“» *» «<». f.r propul , ion „ 

1 '“ Th ™' BMetoo, 

CP..*, „ 

(i) Pressure ratio 

(«) Turbine inlet temperature (T 3 ) 

(Hi) Compressor inlet temperature (T ) 

(iv) Efficiency of the turbine (n . . ) 1 
(o) Efficiency of the compressor (77 y 

Effect of turbine inlet temperature and pressure ratio • 

n?* r ^ f W VariaWeS ^ constant) of an 

tical limitation to increasing the turbine inlet efficiency is amply improved. A prac- 

available for the turbine bidding to SStt ability of the materia, 

. R ^> Fig. 21.9. For a given turbine inlet t ^ £<resses ' 

eat supplied at well as the heat rejected are reduZd BuTtVraT Th** ^ increases • «e 

ucea. But the ratio of change of heat supplied is 
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presmire‘ratio"nrnrf ™ <I0 c f lange ^ eat rejected. As a consequence, there exists an optimum 

p ssure ratio producing maximum thermal efficiency for a given turbine inlet temperature 

mum and ‘h*™ 31 efficienCy ^ inCreases Until il becomes “ 

tnrhine iniJl l 1 . off Wlth a further increase in pressure ratio (Fig. 21.10). Further as the 

PeakS ° f the “ flatten ° Ut ™ ™„ge Of 


Limiting turbine inlet temperature 



> s (Entropy) 


Fig. 21.9 

^comp. = ^lurbme = 0.80 



Fig. 21.10. Effect of pressure ratio and turbine inlet temperature. 
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Following particulars are worthnoting : 



Gas temperatures 


Efficiency (gas turbine) 


550 to 600°C 
900 to 1000°C 
Above 1300°C 


20 to 22 % 

32 to 35% 
more than 50% 


Effect of turbine and compressor efficiencies : 

Refer Fig. 21.11. The thermal efficiency of the actual gas turbine cycle is very sensitive to 
variations in the efficiencies of the compressor and turbine. There is a particular pressure ratio at 
which maximum efficiencies occur. For lower efficiencies, the peak of the thermal efficiency occurs 
at lower pressure ratios and vice versa. 



Fig. 21 . 11 . Effect of component efficiency. 


Effect of compressor inlet temperature : 

Refer Fig. 21.12 (on next page). With the decrease in the compressor inlet temperature 
there is increase in thermal efficiency of the plant . Also the peaks of thermal efficiency occur at 
high pressure ratios and the curves become flatter giving thermal efficiency over a wider pressure 
ratio range. 
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Fig. 21.12 


21.4.4. Closed Cycle Gas Turbine (Constant pressure or joule cycle). 

Fig. 21.13 shows a gas turbine operating on a constant pressure cycle in which the closed 
system consists of air behaving as an ideal gas. The various operations are as follows : Refer Figs. 
21.14 and 21.15. 

Operation 1-2 : The air is compressed isentropically from the lower pressure p x to the 
upper pressure p 2 , the temperature rising from T x to T 2 . No heat flow 


Operation 2-3 : 


Operation 3-4 : 
Operation 4-1 : 


occurs. 

Heat flow into the system increasing the volume from V 2 to V 3 and 
temperature from T 2 to T 3 whilst the pressure remains constant at p 2 - 
Heat received = mc p (T 3 - T 2 \ 

The air is expanded isentropically fromp 2 to p v the temperature falling 
from T 3 to T 4 . No heat flow occurs. 

Heat is rejected from the system as the volume decreases from V 4 to V l 
and the temperature from T 4 to T x whilst the pressure remains con¬ 
stant at p y Heat rejected = mc p (T 4 - Tf) 

Work done 

flair-standard Heat received 

Heat received/cycle - Heat rejected/cycle 

~ Heat received/cycle 


_ mc p (T s - T 2 ) - mc p (T 4 - Tj) __ 1 7\-7\ 

mc p {T z -T 2 ) T d -T 2 

Now, from isentropic expansion 

Y-l 

TjL = (ei\ y 

Ti UJ 
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I Work 


medium 

Fig. 21.13. Closed cycle gas turbine. 



r~l 


^2 (r p ) y , where r p — Pressure ratio 


Similarly 


i 3 _(£2 

r i l Pi, 


p 

y-— 

y m y-i 

I orT s-T 4() — 
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Fig. 21.15. T-s diagram. 


■;8i7 


•air-standard 


i-i 

TAr) T 


T-I 


•7i(r„) 


ini 
(O 7 


...(21.6) 


The expression shows that the efficiency of the ideal joule cycle increases with the pressure 
ray The absolute limit of pressure is determined by the limiting temperature of the material of 

ft th e u , • 6 at ^is temperature is reached by the compression process alone, 

fur er ea mg of the gas in the combustion chamber would be permissible and the work of 
expansion would ideally just balance the work of compression so that no excess work would be 
available for external use. 

temperature 1 ratio^ Pr ° Ve ^ ^ pressure raiio f or maximum work is a function of the limiting 
Work output during the cycle 

= Heat received/cycle — Heat rejected/cycle 


= me cr 3 - T 2 ) - me (7. -7J= me (7 q 


= me To 

p 3 


1 -Sl 

t 3 








are nrelrriheH th ® minin,um temperature T l and the maximum temperature T, 

which the metak iff ln f,- 6 ei71 P era t ure of the atmosphere and T 3 the maximum temperature 
be h cotstant TOen f tUrbme W °“ ^ W ' thstand ' Consider the s P ecific heat at constant pressure c p to 


Since, 


Using the constant 



Zk 
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f > 

■ 

we have, work output/cycle 

n 

£ 

r 3 

1 - — 

1 

1 

i—* 

i 


Differentiating with respect to r p 


dW 

dr p 


= K 


To x- 


r p (z +1) 


~ T i zr i 


( 2 ~ 1 ) 



= 0 for a maximum 


r u+» 

p 


= r l2 (r/‘-» 


Ik 


r p = l*. r p = (Tg/Tj) 2 ^' # 

Thus the pressure ratio for maximum work is a function of the limiting temperature ratio. 

Fig. 21.16 shows an arrangement of closed cycle stationary gas turbine plant in which air is 
continuously circulated. This ensures that the air is not polluted by the addition of combustion 
waste product, since the heating of air is carried out in the form of heat exchanger shown in the 
diagram as air heater. The air exhausted from the power turbine is cooled before readmission to i 

L.P. compressor. The various operations as indicated on T-s diagram (Fig. 21.17) are as follows : j 

Operation 1-2' : Air is compressed from p i to p x in the L.P. compressor. 

Operation 2'-3 : Air is cooled in the intercooler at constant pressure p % . 
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Operation 3-4' : 
Operation 4'-5 : 

Operation 5-6 : 

Operation 6-7' : 

Operation 7'—8 

Operation 8-9' : 
Operation 9'-10 


Air is compressed in the H.P. compressor from p x to p 2 . 

High pressure air is heated at constant pressure by exhaust gases from 
power turbine in the heat exchanger to T 5 . 

High pressure air further heated at constant pressure to the maximum 
temperature T 6 by an air heater (through external combustion). 

The air is expanded in the H.P. turbine fromp 2 to P x producing work to 
drive the compressor. 

Exhaust air from the H.P. turbine is heated at constant pressure in the 
air heater (through external combustion) to the maximum tempera¬ 
ture T 8 (= T 6 ). 

The air is expanded in the L.P. turbine from p x to p v producing energy 
for a flow of work externally. 

Air from L.P. turbine is passed to the heat exchanger where energy is 
transferred to the air delivered from the H.P. compressor. The tem¬ 
perature of air leaving the heat exchanger and entering the cooler is 

TV 


T 



Fig. 21.17. T-s diagram for the plant. 

Operation 10-11 : Air cooled to T x by the cooler before entering the L.P. compressor. 
The energy balance for the whole plant is as follows : 

Ql + @2 “ ^3 “ ^4 = W 




Visit: www.Civildatas.com 



























































m 


i 

i ll Visit: www 


.Civildatas.com — 


i 


820 


INTERNAL COMBUSTION ENGINES 


mass flow out P utis thieved by va>ying the 

temperature and therefore achieves an approximated t T“ nfal , ns the desi B n pressure and 
loads. In this cycle since it is closed gases other than * "ff level °f efficiency for varying 
furthermore it is possible to bum solfd fuels in the c T “! * fauourable Properties can be used ; 
sMe for inefficiency in this cycle is the 1^1^^ ^ ^ *** *»»- 

Acaters between the furnace and circulating gas. em Perature drop which occurs in the air 

though of a lower density, thea ttm tbn ofW 'Tm extensivel y used - the <*e of‘helium’ which 

/lorn the heat drop and hence energy dealt within helium m l- five . ltmes that °f a ". therefore for each kg mass 
Surface area of the heat exchanger for helium can be kept as Inu m<? 7 / g neady ^ ue tlmes °f those in case of air. The 
arras working medium. For the same temperature ratil and for tb t f t . re f luired -f° r S as turbine plant using 
area required for helium is much less than that for air It mav th h< f P ° f '““ Same out P ut lh ecra Ss . se .ctUmal 
ts considerably small comparatively. / » . It may therefore be concluded that the size of helium unit 

a combination it called the semtcZTdvclVtereTpart of, fa th 'L° pen Cycle 311,1 the do ^d cycle. Such 

another part flows from and to atmosphere. ? ^ working fluid is confined within the plant and 

Turbine 80 * 1 Dements of Closed C y c Je Gas Turbine Over Open Cycle Gas 


Merits of closed cycle ; 

Higher thermal efficiency 
3. No contamination 
5. Improved part load efficiency 
7. No loss of working medium 
9. Inexpensive fuel. 


2. Reduced size 

4. Improved heat transmission 
6 . Lesser fluid friction 
8 . Greater output 


Demerits of closed cycle : 

1 . Complexity 

2 . Large amount of cooling water is reouireH tk;* v 

or marine use where water is available in abundance 5 ^ t0 Stationar y insta " a «on 

3. Dependent system. 

4. The weight of the system per H.P. develop ; c u- r 

nomical for moving vehicles. P com P ara tively, therefore not eco- 

5. Requires the use of a very large air heater. 


21.5. CONSTANT VOLUME COMBUST IO N TURBINES 

I compressor C ifadmrttd”^ tar * ine - *J» compressed air from an air 

! S closed > the M is admitted into the chamber bv nZZ / / , V A When the valve A 
i ignited by means of a spark plug S. The combustiLTh , 3 PUmP Then the mixture is 

[ ,° f pPessure ’ Tha valve B opens and the hot gases flow l"'he T T*? ^ inCrease 

| discharged, into atmosphere. The energy of the hot Zes • 1 IT T ' *** flna1 ^ tha y are 

energy^For continuous running of the turbine these operations a^rejT^ ,nt ° m6Chanical 
; The main demerit associated with this tvnp n f + u- • , P 

| velocities of hot gases are not constant; so the turbine IpTed flMuJZs. difference and 
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A, B = Valves 
C = Compressor 
D = Combustion chamber 
P = Fuel pump 
S = Spark plug 
T = Turbine 
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21.6. USES OF GAS TURBINES 

Gas turbines find wide applications in the following fields : 

2 . Turbo-jet and turbo-propeller engines 
4. Railway 


1 . Supercharging 
3. Marine field 


5. Road transport 
7, Industry. 


6 . Electric power generation 


21.7. GAS TURBINE FUELS 

The various fuels used in gas turbines are enumerated and discussed below : 

1 . Gaseous fuels 

2 . Liquid fuels 

3. Solid fuels 

1. Gaseous fuels. Natural gas is the ideal fuel for gas turbines , but this is not available 
everywhere. 

Blast furnace and producer gases may also be used for g;--s turbine power plants. 

2 . Liquid fuels. Liquid fuels of petroleum origin such as distillate oils or residual oils arc 
most commonly used for gas turbine plant. The essential qualities of these fuels include proper 
volatility., viscosity and calorific value . At the same time it should be free from any contents of 
moisture and suspended impurities that would log the small passages of the nozzles and damage 
valves and plungers of the fuel pumps. 

Minerals like sodium, vanadium and calcium prove very harmful for the turbine blading 
as these build deposits or corrode the blades. The sodium in ash should be less than 30% of the 
vanadium content as otherwise the ratio tends to be critical. The actual sodium content may be 
between 5 ppm to 10 ppm (part per million). If the vanadium is over 2 ppm, the magnesium in ash 
tends to become critical. It is necessary that the magnesium in ash is at least three times the 
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quantity of vanadium. The content of calcium and lead should not be over 10 ppm and 5 ppm 
respectively. 

Sodium is removed from residual oils by mixing with 5% of water and then double centrifug¬ 
ing when sodium leaves with water. Magnesium is added to the washed oil in the form of epsom 
salts, before the oil is sent into the combustor. This checks the corrosive action of vanadium. 
Residual oils burn with less ease than distillate oils and the latter are often used to start the unit 
from cold, after which the residual oils are fed in the combustor. In cold conditions residual oils 
need to be preheated. 

3. Solid fuels. The use of solid fuels such as coal in pulverised form in gas turbines presents 
several difficulties most of which have been only partially overcome yet. The pulverising plant for 
coal in gas turbines applications is much lighter and small than its counterpart in steam genera¬ 
tors. Introduction of fuel in the combustion chamber of a gas turbine is required to be done 
against a high pressure whereas the pressure in the furnace of a steam plant is atmospheric. 
Furthermore, the degree of completeness of combustion in gas turbine applications has to be very 
high as otherwise soot and dust in gas would deposit on the turbine blading. 

Some practical applications of solid fuel burning in turbine combustors have been commer¬ 
cially, made available in recent years. In one such design finely crushed coal is used instead of 
pulverised fuel. This fuel is carried in stream of air tangentially into one end of a cylindrical 
furnace while gas comes out at the centre of opposite end. As the fuel particles roll around the 
circumference of the furnace they are burnt and a high temperature of about 1650°C is maintained 
which causes the mineral matter of fuel to be converted into a liquid slag. The slag covers the walls 
of the furnace and runs out through a top hole in the bottom. The result is that fly-ash is reduced 
to a very small content in the gases. In another design a regenerator is used to.transfer the heat to 
air, the combustion chamber being located on the outlet of the turbine, and the combustion is 
carried out in the turbine exhaust stream. The advantage is that only clean air is handled by the 
turbine. 


Example 21 . 1 . The air enters the compressor of an open cycle constant pressure gas 
turbine at a pressure of 1 bar and temperature of 20°C. The pressure of the air after compression 
is 4 bar. The isentropic efficiencies of compressor and turbine are 80% and 85% respectively. The 
air-fuel ratio used is 90 : 1. If flow rate of air is 3.0 kg/s, find : 


(r) Power developed. 

( ii ) Thermal efficiency of the cycle . 

Assume c p = 1.0 kJ/kg K and y- 1.4 of air and gases 
Calorific value of fuel = 41800 kJ i kg. 

Solution. Pl = l bar ; T x = 20 + 273 = 293 K 

p 2 = 4 bar ; n comp „„ or = 80% ; = 85% 

Air-fuel ratio =90:1; Air flow rate, m a = 3.0 kg/s 

(£) Power developed, P : 

Refer Fig. 21.19 (b) 

^ , Y~* 1.4-1 ■ 


Ti _ 

r 2 = 




compressor 


1.486 


(20 + 273) x 1.486 = 435.4 K 
Tn - T, 
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0.8 = 


r 2 ' = 


435.4 - 293 
T 2 ' - 293 
435.4 - 293 
0.8 


+ 293 = 471K 


823 



Work 


= 293 K 


(a) 



Heat supplied by fuel = Heat taken by burning gases 

m f x C = (m a + m f ) c p (T 3 - T 2 ') 

(where m a — mass of air, m^ = mass of fuel) 


C= I TV +1 J C P (T S- I V) 

41800 = (90 + 1) x 1.0 x Cr 8 - 471) 
41800 


l.e.y 


Again, 


+ 471 = 930 K 
91 

Y-i 

il _ fP4 1 Y 

t 3 


P3. 

30 : 

r 3 -r 4 ' 


■6 


,0.4/14 


= 0.672 


T A = 930 x 0.672 = 624.9 K 

4 


^turbine T3 ~ T4 

930 -TV 


0.85 = 


930 - 824.9 


Tf = 930 - 0.85 (930 - 624.9) = 670.6 K 


W,. 


^turUn. = "V * S * (T 3 - T P 

(where m R is the mass of hot gases formed per kg of air) 

f 90 -f 


W 


turbine 


90 ) 


x (930 - 670.6) 


= 262.28 kJ/kg of air. 
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W con, prcaor = m a xc p x (7y - Tj) = 1 x 1.0 X (471 - 293) 

- 178 kJ/kg of air 

- WL 




turbine T ' compressor 

Hence „ , , = 262.28 - 178 = 84.28 k.J/kg of air 

Hence power developed> p = ^ . 6 . ' 

( “) dermal efficiency of cycle, „ . g ° f air ’ 

Heat supplied per kg of air passing t'h^gh combustion chamber 

1 

90 x 41800 = 464.44 kJ/kg of air 


(Ans.) 


m, , = _y° rk output _ 84.28 

Heat supplied 46444 = 01814 or 18.14%. (Ans.) 
irbine unit has a pressure mtin a . i _> 


Example 21 2 A a , x- . Heat applied 464.44 ~ u or 181 4%. (Ans.) 
perature of 610°C. The isenZopiZefficiencZ VlheT ° f 6 ! 1 ma Hmum cycle tem , 

ZTtT^ CakUlate thB P0Wer ^SolaUsZanTT *'**" are 080 

hen the air enters the compressor at 15°C at the ral of mkl generator ***** to the turbine 
Take c = 1.005 kJ/kgK and y = 14 for the r, . 

K and y = l.§33 for the expansion process ^pression process, and take c p = 1.11 kJ/kg 


Solution. Tl = 15 + 273 = 288 K\T 3 = 610 + 273 = 883 K; - = 6 

- Pi 


P2 


For r T,comprtss . or ~ °' 80 ’ ^rbint = °-82 ; Air flow rate = 16 kg/s 
For compression process : c = 1.005 kJ/kg K, y s 1 4 

For expansion process : c p = U1 kJ /kg K, yl 1.333 

T 4 ’. To calculate T' Sate ^ mV t h "“^“th *°- Cakulate te ™Peratures T' and 

ware 1 2 and then use the isentropic efficiency. 2 

Y-l 


For an isentropic process, S. Jp± 


{Pi 


14-1 

= (6) 1 - 4 = 1.67 
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Also, 


’compressor ' 


0.8 = 


Tiz3 



481 - 288 


Similarly for the turbine, -3- = f £2. 

T t V Pa 

t 3 


0.8 
r-i 
r 


+ 288 = 529 K 


Ex 
,Pl 
883 


y_zl 

r 


1333 -1 


:(6) 1333 _ j 565 


Also, 


Hence, 

Compressor work input, 
Turbine work output, 
Net work output, 

Power in kilowatts 


^turbine ~~ 


0.82 = 


1.565 1.565 

T z ~ TZ 883 

883 - Ta ' 


= 564 K 


883 - 564 


7y = 883 


883 - 564 

0.82 (883 - 564) = 621.4 K 


W. 


compressor ~~ C p ^2 “ Tj) 

= 1.005 (529 - 288) = 242.2 kJ/kg 

W ,»rUn' = C p (T 3 -T 4 ') 

= 1.11 (883 - 621.4) = 290.4 kJ/kg 
w ~ w ~ W 

net turbine 7 compressor 


= 290.4 - 242.2 = 48.2 kJ/kg 
= 48.2 x 16 = 771.2 kW. (Ans.) 

adiabaticalhfZV'h' al> af 2 bar and 300 K and compresses it 

~ 5 <^MrZuZ?fZ,tSrS“ sm *-*—* 

For products of combustion, c p = 1.147 kJ/kg K and y = 1.333. (U.P.S.C 1997) 

Solution. Given : p, (= p 4 ) = 1 bar, T, = 300 K ; p 2 (= p ) = 6.2 bar ; n = 88% • 

C _ 44186 kJ/kg ; Fuel-air ratio = 0.017 kJ/kg of air, n t . = 90% 

c p = 1.147 kJ/kg K ; y = 1.333. 

For isentropic compression process 1-2 : 

. T -1 14-1 


ia J £2 
Pi 


: 1.684 


Now, 


1 'compressor 
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or 

or 


T(K) 



0.88 = 


505.2 - 300 
T 2 ' - 300 


( 505.2 - 3 00 

i 0.88 


+ 300 = 533 2 K 


Heat supplied 


K) 


= (m a + mj) x c p (T 3 - T 2 0 = m f x C 


x c(T, - Tf) = — x C 
D A 2 m n 


3 “ x 2 > 

(1 + 0.017) x 1.005(T 3 - 533.2) = 0.017 x 44186 
0.017x44186 


Ta ~ (1 +0.017) x 1.005 


+ 533.2 = 1268 K 


For isentropic expression process 3-4 : 


*3 



* 0.634 


T 4 = 1268 x 0.634 - 803.9 K (v y g = 1333 

__ T 3 -T,' 

^turbine ~ J 1 _ 

1268-T 4 ' 

0,9 = 1268-803.9 

T t ’ = 1268 - 0.9(126.8 - 803.9) = 850.3 K 
^aimpresssor = C p (T 2 ~ T l> = 1005(533.2 - 300) = 234.4 kj/kg 
^turbine = c Pg (T l ~ T{) = 1.147(1268 - 850.3) = 479.1 kJ/kg 


Given) 
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Net work = W turbine - 

= 479.1 - 234.4 = 244.7 kJ/kg 

Heat supplied per kg of air 

= 0.017 x 44186 = 751.2 kJ/kg 


Thermal efficiency. 


_ Net work 
T ^ th ‘ Heat supplied 


= _ 0.3257 or 32.57%. (Ans.) 

751.2 


Example 21.4. Find the required air-fuel ratio in a gas turbine whose turbine and com¬ 
pressor efficiencies are 85% and 80%, respectively. Maximum cycle temperature is 875°C. The 
working fluid can be taken as air (c = 1.0 kJIkg K, y - 1.4) which enters the compressor at 1 bar 
and 27°C. The pressure ratio is 4. 7ne fuel used has calorific value of 42000 kJ / kg. There is a loss 
of 10% of calorific value in the combustion chamber. (GATE 1998) 

Solution. Given : r| turbine = 85% ; T| compressor = 80% ; T z - 273 + 875 = 1148 K, T t = 27 + 273 
= 300 K ; c =1.0 kJ/kg K ; y = 1.4, = 1 bar, p 2 - 4 bar (Since pressure ratio is 4); C = 42000 kJ/ 

kg K, r| cc = 90% (since loss in the combustion chamber is 10%) 

For isentropic compression 1-2 : 


or 

or 


_ . 1.4-1 

iljEzy =(4)1.4 =1.486 

X 

r 2 -Ti 

To'-T 


0.8 = 


445.8 - 300 
T 2 '- 300 
445.8-300 


0.8 


+ 300 = 482.2 K 


T(K) 



si 

i; 
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t c’ T ' l ”‘ ““ * “* 

u y x rn . j . x C - (m o + m^) * /> v t^v m ,x 
\ m a +m f 

' " ; ^ L +iix 

1"V J 


internal combustion engines 



m f 


or 


c = 


42000= |^- + lj 


, c p(- T 3-T 2 ') 

0.9 


-1 c p (T 3 -T 2 ') 
09 


m n 


100 (1148 - 482.2) ( m 

o5-= 739 - 78 [^ +1 


Hla _ 42000 
m f = 739.78 - 1 = 55 77 sa y 56 

g A/F ratio = 56 : 1. (Ans.) 

21.4, assuming ^that^ l^tTclmLl^Tp^^ °f»* P‘ant is example 

Solution. Heat supplied =c(T 3 -T') 

= 1.11 (883 - 529) = 392.9 kJ/kg 
Net work output . 48.2 

Heat supplied 392.9 — ^ 1226 or 12.26%. (Ans.) 


^thermal 


Now, 


Work ratio = --^ et Work ou tout __ 48.2 48.2 


Example 21.6. In a const^T^^ ' W,urb ™ = 2904 = ° le6 ' (A "* ) 
and leaves the compressor at 5 bar UsT^thefoU 5“ turbine air entcrs at 1 bar and 20°C 

sc,- z c - rsr*«sssar.' 

(lu) 71/16 therm al efficiency of the cycle 

Ma ss °f the fuel may be neglected. 

Solution. Given : p, - 1 bar. p 2 = 5 bar, P 3 = 5 - 0 1 - 4 9 bar D ^ ^ 2 °° 0) 
5 = 20 * 273 * 293 K. r 3 = 680 + 2731 S £ 

'compressor 85% > = 80%, fl . - 

for air and gases : Cp = 1.024 kJ/kg K. Y = J 4 
Power developed by the plant, P = 1065 kW 
( 1 ) The quantity of air circulation, m : 

* or isentropic compression 1-2, * 

™ . 1.4-1 

•*2 


HJpdr r 5 y& 

r > ~UJ = [tJ =1 - 684 


^ = 293 x 1.584 = 464 K 


Now, 


''compressor 


T 2- 



i-e 0.85 = 


464 - 293 
72'~293 


i- 293 = 494 K 
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T(K) 



Fig. 21.23 


For isentropic expansion process 3-4, 
v -1 


Now, 


14-1 

14 


§-te) 1 -(si 

T 4 = 953 x 0.635 = 605 K 


= 0.635 


^turbine 


0.8 = 


T 3 -T 4 
953-7^ 


953 - 605 

353 - 0.8(953 - 605) = 674.6 K 


W 


compressor 

w, 


- C P (Tg “ r i> = 10 24 (494 - 293) = 205.8 kJ/kg 


,urb.ru = c p (T 3 - Tf) = 1.024 (953 - 


W = W - w 

not turbine compressor ’ 


- 674.6) = 285.1 kJ/kg. 

^ *«'virus compressor 285.1 - 205.8 = 79.3 kJ/kg of air 

If the mass of air is flowing is m a kg/s, the power developed by the plant is given by 
P = m a x W ne , kW 
1065 = m a x 79.3 
1065 


79.3 


= 13.43 kg. 


i e > Quantity of air circulation = 13.43 kg. (Ans.) 

(ii) Heat supplied per kg of air circulation : 

Actual heat supplied per kg of air circulation 

__ C P 1.024 (953 - 494) 


= 552.9 kJ/kg. 


s‘—\ nrti_ v . ^combustion 0.85 

ini) Thermal efficiency of the cycle, J) [h ; 

Work output 79.3 

Heat suppTod " 552.9 = 0 1434 0r 14 ' 34% ‘ (Ans ’> 


^ thermal ' 
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Example 21.7. In a gas turbine the compressor is driven by the high pressure turbine. The 
exhaust from the high pressure turbine goes to a free low pressure turbine which runs the load . 
The air flow rate is 20 kg/s and the minimum and maximum temperatures are respectively 300 K 
and 1000 K. The compressor pressure ratio is 4. Calculate the pressure ratio of the low pressure 
turbine and the temperature of exhaust gases from the unit. The compressor and turbine are 
isentropic . c p of air and exhaust gases = 1 kJfkg K and y = 1.4. (GATE 1995) 

Solution. Given : m a = 20 kg/s ; T t = 300 K ; T 3 = 1000 K, ~ = 4 ; c p = 1 kj/kg K; y = 1.4, 

Pressure ratio of low pressure turbine, I-i : 

Ps 

Since the compressor is driven by high pressure turbine, 

Y-i 


~ f £ 21 

rrUJ 


04 

(4 ) L4 8 1.486 


T 2 = 300 X 1,486 = 445.8 K 


T(K) 



Fig. 21.24 

Also, rh a c p (T 2 - T x ) = rh a c p (T 3 - Tf) (neglecting mass of fuel) 


t 2 - T x = T 3 -T 4 
445.8 - 300 = 1000 - 1 
For process 3-4 : 

y-l 


or T a = 854.2 K 


■te) ’ ■ - HtF 


Now, 


Ps 

P4 

p 3 f 1000 ) 3S 

ocTTT « 1.736 
p 4 V 854.2 ) 

Pa Ps Pa 

= j/V) = J: 

Pa Hp 4 


A Ps 
4 x — 
Pa 


x 1.736 = 0.434 


Bl = P2. 
Ps Pi 


Hence pressure ratio of low pressure turbine = — = —-— 

p 5 0.434 


= 2.3. (Ans.) 
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Temperature of the exhaust from the unit T 5 : 

rp ( U ~ 1 

Ii= y =(2.3) 14 = 1.269 

Ts UsJ 


T 


5 


Ta 

1269 


854.2 

1269 


= 673 K. 


Example 21.8. In an air-standard regenerative gas turbine cycle the pressure ratio is 5. 
Air enters the compressor at 1 bar, 300 K and leaves at 490 K. The maximum temperature in the 
cycle is 1000 K. Calculate the cycle efficiency, given that the efficiency of the regenerator and the 
adiabatic efficiency of the turbine are each 80%. Assume for air, the ratio of specific heats is 1.4. 
Also i, show the cycle on a T-s diagram. (GATE 1997) 

Solution. Given : p x = 1 bar ; T 1 = 300 K, Tf = 490 K ; T 3 - 1000 K 

J = 5 > = 80%, e = 80% = 0.8 ; y = 1.4 


or 


T(K) 



Now, 


Also, 


/ v 2 —: 14-1 

As(JQt.| T = ( 5 ) n = 1.5838 

T 4 IpJ 


_ r 3 loop 

4 1.5838 1.5838 

_ t 3 -t 4 ' 

^turbine T$ — T 4 


ss 631.4 K 


looo -7y 

08 = 1000-631.4 

Tf = 1000 - 0.8 (1000 - 631.4) = 705 K 


Effectiveness of heat exchanger, 


e = 


A-TV 


T 6 -490 
08 = 705 - 490 


% 
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r 5 - °-8 (705 - 490) + 490 = 662 K 


Work consumed by compressor = c p (T 2 - Tf) 

w , = 1 005 (490 - 30 °) - 190.9 kJ/kg 

Work done by turbine = Cp (7^ - 

I. . , = 1.005 (1000 - 705) = 296.5 kJ/kg. 

Heat supplied - c {T z -T) 

= 1.005 (1000 - 662) = 339,7 kJ/kg 


Cycle efficiency, p = — Network 
cycIe . Heat supplied 

= I^ j ne work - Compressor work 
Heat supplied 


296. 5- 190.9 

339/7 


= 0.31 or 31%. 


(Ans.) 


drtVe com P re ssor and other power turbine ITdeteloo ^ tUrbine$ ' ° ne com P™sor turbine to 
own combustion chambers which are served bi air r ^77^“' b ° th ° re havin S 
compressor at 1 6a, a nd 288 K and :s c ZpreiZ tstar 7? **.""**""■ A " «. 

p , ° heat added *» combustion chamber the ini t t ' lSentr0pic e ffwiency of 76%. 
900 C. The isentropic efficiency of turbines is 86<7 n Zl mperature °f 8 as t0 both turbines is 
“ 23 ksh - The ™lorific value of fuel is 420oIjlh r t™?* ^7 ° f ^ at the compressor 
thermal efficiency if mechanical efficieZiZ^' ^ ^ ° UtpUt ° f the plant 

kJ/kg K and y = 1.4 for air and c 7,7, kjZg “ “ 96% - S = *«* 

w /-if Kandy= 1,34 for gases. P 

(AMIE Summer, 2001) 


Solution. Given : p = l bar • 7 1 - oqq u 

= 86% ' = 23 k &' s ; c.v! = 4200kj/kf?; = 76%; T > = 900 ° c «• im 

Ya 1-4 ’ = 1128 k <J/kg K ; y g = 1.34. * g ’ ^ rae ^- “ 95% ; \e n . = 96% ; Cp = 1.005 kJ/kg; 

(o), (6) re S pectfvely. ment ^ ^ ^ corres P°nding T-s diagram are shown in Fig. 21.26 



PT = Power turbine 
(a) 
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T<K) 



Fig. 21.26 

Considering isentropic compression process 1-2, we have 
r . 14-1 

h .I Pi i • fBYi:r 

r. hr: = =i8n 


S.,j&r‘ a ,f ? rcr = . 

1 l l Pi j u ; 


Also, 


Vx,;- 

0.76 = 


T i - 28$ x 1,811 =: 521.6 K 

TgsJ) 

T 2 T } 

521JS 288 
7^2 - - 288 ~ 


5 21.6 - 288 
0.76 ~ 


+ 288 = 595.4 K 


Considering isentropic expansion process 7>-4, we have 
y- l 




134 - 1 
.34 ~ 


0.59 


Also, 




1 t( 


'isen.) 

11 

0.86 = -- 


1173-692.1 
^4 “ ^73 - 0.860173 - 692.1) = 759 4 K 
Consider 1 kg of air flow through compressor 

^compwwor = C P (T 2 * - Tf) = 1,005(595.4 - 288) = 308 0 kJ 
This is equal to work of compressor turbine. 

308.9 - m x x c pR v T 3 - 7’ 4 0, neglecting fuel mass 
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30 8.9 

° r = 1128(1173-759.4) “ 0,662 ^ 

and flow through the power turbine = 1 - m = 1 - 0.662 = 0.338 kg 

V=a-m ) xc w( r 3 -r;) 

= 0.338 X 1.128 (1173 ~ 759.4) = 157.7 kj 
Power output = 23 x 157.7 x x n gen 

- 23 x 157.7 x 0.95 x 0.96 = 3307.9 kj. (Ans.) 


^input " C pg^ 3 ' 


cT‘ 


* 1 128 x 1173 - 1.005 x 595.4 = 724.7 kJ/kg of air 
157.7 

x 100 = 21.76%. (Ans.) 


Thermal efficiency, ti.. = 

•Ui 7247 

^Example 21.10. Air is drawn in a gas turbine unit at 15°C and 1.01 bar and pressure 
ratio is 7 : 1. The compressor is driven by the H.P. turbine and L.P. turbine drives a separate 
power shaft. The isentropic efficiencies of compressor, and the H.P. and L.P. turbines are 0.82, 
0.85 and 0.85 respectively . If the maximum cycle temperature is 610°C, calculate : 

(i) The pressure and temperature of the gases entering the power turbine. 

(«) The net power developed by the unit per kg Is mass flow. 

(Hi) The work ratio. 

0 iv ) The thermal efficiency of the unit. 

Neglect the mass of fuel and assume the following : 

For compression process = 1.005 kJlkg K and y = 1.4 

For combustion and expansion processes ; c = 1.15 kJ/kg and y = 1.333. 

Solution. Given : T 1 = 15 + 273 = 288 K, p 1 = 1.01 bar. Pressure ratio = ~ * 7, 

Pi 


'compressor 


= °- 82 ’ ''turbine (H.P., = 0.85, = 0.85, 


Maximum cycle temperature, T 3 = 610 + 273 = 883 K 
(i) Pressure and temperature of the gases entering the power turbine, p 4 ' and T 4 ': 

Considering isentropic compression 1-2, we have 

.r-i 

Zk 

t a 


?2 = (Pll) 1 


14 - 1 

= (7) 14 1.745 


T 2 = 288 x 1,745 = 502.5 K 


Also 


•compressor ' 


0.82 = 


W 


T 2 zlx 

T*-Ti 
5025-288 
T 2 * - 288 
502.5 - 288 
0.82 


+ 288 = 549.6 K 


" compressor = c pa^ T 2 ~ T i> = 1-005 x (549.6 - 288) = 262.9 kJ/kg 
Now, the work output of H.P. turbine = Work input to compressor 
c p g (T 3 - T O = 262.9 


1.15(883 - 7 1 4 , ) = 262.9 
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Fig. 21.27 
262.9 


1.15 


= 654.4 K 


i.e., Temperature of gases entering the power turbine = 654.4 K. (Ans.) 
Again, for H.P. turbine : 

T 3 -T A f . 883-654.4 

^turbine = T Z -T K le '' 0 85 = 883 - T 4 


Now, considering isentropic expansion process 3-4, we have 

Y -1 


ic expansion 

TlJps.Y< 
Ti UJ 


i.e., 

i.e.. 


P3 

Pi 

Pi 


1 1.33 

33 =: 4.32 

614j 


91 uV 


4.32 4.32 


,636 bar 


Pressure of gases entering the power turbine = 1.636 bar. (Ans.) 
(ii) Net power developed per kg/s mass flow, P : 

To find the power output it is now necessary to calculate T 5 \ 

Pi Pi Pz 

The pressure ratio, — , is given by “ x ~ 


Then, 


£i = P4 x ^ = JL _ i gg 
P5 Pz Pi 4.32 
Y-l 

^- = [A| 7 =(1.82)W® =1.127 
Ps 


(v P 2 = Pi and Pb = Pi ) 
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Again, for L.P. turbine 


r 5 = 


JaL. 

1127 


654.4 

1127 


= 580.6 K. 


t.e., 


turbine ~~ T±' — T 

654.4 -T 5 ' 


0.85 = ■ 


W, 


654.4 - 580.6 
T s = 654.4 - 0.85 (654.4 - 580.6) = 591.7 K 

“ C " (7 4 “ r 5') - 115 (654.4 - 591.7) = 72.1 kj/kg 


I>P. turbine ~ pg ^ 4 ~ * 5 J = 1.10 tb54.^ 

Hence nef ( per kg/s mass flow) = 72.1 kW 

(Hi) Work ratio : 


(Ans.) 


Work ratio = - Net work ou tput _ 72.1 


= 0.215. (Ans.) 


/.-.A TJ, , «. . Gross work output ~ 72.1 + 262.9 

(tv) Thermal efficiency of the unit, n 

Heat supplied = c (T - r th T*l r /no 

c pr T * ^2 ) = 1 15 (883 - 549.6) = 383.4 kj/kg 


^thermal ~ 


Net work output 72.1 


— 0.188 or 18.8%. (Ans.) 


Heat supplied 383.4 - -- 

token at 30°C and 1 bar . ^hTcompressiol ilcar gUS turbine Power plant is 5.6. Air is 

between. The maximum temperature of the cycle UT intercoolin S in 

efficiency of each compressor stage as 85% and that^f / v o Assuming the isentropic 
developed, and efficiency of the power plant if the • ° f tUrblne as 90% ■ determine the power 
neglected, and it may l ^ T * 

Solution. Refer Fig. 21.28. (P.U.) 

Pressure ratio of the open-cycle gas turbine = 5.6 
Temperature of intake air, 7\ = 30 + 273 = 303 K 
Pressure of intake air, p x = l bar 

Maximum temperature of the cycle, T 5 = 700 + 273 - 973 K 
Isentropic efficiency of each compressor, t, 

Isentropic efficiency of turbine, 

Rate of air flow, m a = 1.2 kg/s 

c p = 1.02 kj/kg K and y = 1 41 
Power developed and efficiency of the power plant • 

Assuming that the pressure ratio in each stage is same, we have 
P‘2. _ Pa _ [p 4 r~— 

the wo %™£- the same then 
same inlet temperature (perfect intercooling) T ‘ ^In'dT^T C ° mpress0rs have the 

% (P2\~ i Hzl 

Pi) “^ 2 - 366 ^ 141 ~ 1-2846 or T 2 = 303 x 1.2846 = 389.23 K 


'icomp. ~ 85 % 
turbine = 90% 


Now, 


7; 
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T (K) 



s (kJ/kg K) 


Also, 


•comp. ~ T 2 ' 


or 0.85 = 


389.23 - 303 


-303 


,, _ 389.23 - 303 
0.85 


+ 303 = 404.44 K 


Work input to 2-stage compressor, W comp - 2 x m x Cp {TJ - TJ 

= 2 x 1.2 x 1.02(404.44 - 303) = 248.32 kJ/s 

For turbine, we have 

Y ~ 1 , „ , 

' Ps) y 


Also, 


n 

Rfur&i ne 

0.9 = 


P6 


= (5.6) 141 =1.65 or T R 


T 5 _ 973 
1.65 “ 1.65 


589.7 K 


t 5 -t 6 

973 - T s ' 


973 - 589.7 or T * = 973 ~ °- 9 < 973 - 589.7) = 628 K 
Work output of turbine, W turbine = m x Cp {T 5 - T 6 ') 

- 1.2 x 1.02(973 - 628) = 422.28 kJ/s 
w =W - w 

net turbine T comp. 

= 422.28 - 248.32 = 173.96 kJ/s or kW 
= 173.96 kW. (Ans.) 

Q s = m x c p x (T 5 - T 4 ') 

= 1.2 X 1.02 X (973 - 404.44) = 695.92 kJ/s 


Net work output, 

Hence power developed 
Heat supplied, 




Power plant efficiency, r\ th = —— = 


173.96 


Q s 695.92 


0.25 or 25%. (Ans.) 


837 
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Example 21.12. (a) Why are the back work ratios relatively high in gas turbine plants 
compared to those of steam power plants ? 

(b) In a gas turbine plant compression is carried out in two stages with perfect intercooling 
and expansion in one stage turbine. If the maximum temperature (T max K) and minimum tem¬ 
perature (T min K) in the cycle remain constant, show that for maximum specific output of the 
plant , the optimum overall pressure ratio is given by 

2y 

( >ry - 1) 

r 0 P t= fir-fic-^ 

V *min J 

where y = Adiabatic index ; T| r = Isentropic efficiency of the turbine . 

fic = Isentropic efficiency of compressor. (AMIE Summer, 1998) 

Solution, (a) Back work ratio may be defined as the ratio of negative work to the turbine 
work in a power plant. In gas turbine plants, air is compressed from the turbine exhaust pressure 
to the combustion chamber pressure. This work is given by - j vdp. As the specific volume of air is 
very high (even in closed cycle gas turbine plants), the compressor work required is very high, and 
also bulky compressor is required . In steam power plants, the turbine exhaust is changed to liquid 
phase in the condenser. The pressure of condensate is raised to boiler pressure by condensate 
extraction pump and boiler feed pump in series rnce the specific volume of water is very small as 
compared to that of air, the pump work (- / vdp\ is also very small. From the above reasons, the 
back work ratio 

. - f vdp 
Turbine work 

for gas turbine plants is relatively high compared to that for steam power plants. 

(6) Refer Fig. 21.29. 


T (K) 



Assuming optimum pressure ratio in each stage of the compressors , 
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r 2 = r min 


Y-l 

<r) 2y 


w 


= 2[c (7Y - TA] for both compressors 

compressor P 2 1 4 

Tt-T. 2 ~~ 

(r) 2 ? -l.as T x = T m 




ii_: 


Also, 


? 6 . 

T 6 l Pi 


fic 

Y-l 


fic 

izl 


-if) 




6 “(r)^-^ (r) Y 


ID&X m m 

as r 5 = T m 


W tttrbin .^ p ( 7V 


= c .r 


W nel ~ ^turbine " 




T 

p 4 max 

max ( r ) Y-l/Y 


T, - T e ' 

TJj", aS ~ rp _ 


(rf r ' Vr 


T[t 


w. 


- c p fir T m 


compressor 

1 


(r) Y 


• l/Y 


Y-l 

-=^T mia [(r) 2Y -1] 

ilc 


For maximum work output, 


dr 


= 0 


■ c p fir 




(-v) 


2 c p 

fic 


( izl 


Y-l 

(r) 2Y " 


= 0 


T 

4 max 

fir fic T 

* min 


: ( r )3<Y- 1V2 *, on simplification. 
Hence, the optimum pressure ratio is 

T 


'opt “ 


fir • fic « 


3(Y -1) 


T 


2 T 


Proved. 


Example 21*13. In a gas turbine the compressor takes in air at a temperature of I5°C and 
compresses it to four times the initial pressure with an isentropic efficiency of 82%. The air is 
then passed through a heat exchanger heated by the turbine exhaust before reaching the combus¬ 
tion chamber. In the heat exchanger 78% of the available heat is given to the air. The maximum 
temperature after constant pressure combustion is 600°C, and the efficiency of the turbine is 
70%. Neglecting all losses except those mentioned, and assuming the working fluid throughout 
the cycle to have the characteristic of air find the efficiency of the cycle. 

Assume R - 0.287 kJfkg K and y~ 1.4 for air and constant specific heats throughout. 

Solution. Given : T. = 15 + 273 = 288 K, Pressure ratio, — = — ~ 4, r\ nssor = 82%. 

1 Pi Pa 

Effectiveness of the heat exchanger, e = 0.78, 

^turbine = Maximum temperature, T 3 = 600 + 273 = 873 K. 
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Efficiency of the cycle r\ cycU ; 
T(K) 


INTERNAL COMBUSTION ENGINES 



S (kJ/kg K) 


S - jp2 
Uij 


T-l 


14-1 
=( 4 ) 14 


= 1.486 


Now, 


T 2 = 288 x 1.486 = 428 K 

_ 3-zh 

11 compressor 'T' ' 71 


r ' - 
1 2 - 


T 2 '~ 288 
428 - 288 


* 082— + 288 = 459 K 

Considering the isentropic expansion process 3-4 , we have 

Y-l 

'- L — 1 . 4-1 

= (4) 14 = 1.486 

873 


Again, 


i.e. y 


rp _ ^3 _ __ 

4 “ 1.486 1.486 


^turbine 

0.70 = 


= 587.5 K. 
873 -TV 


lizl* 

T 3 “ 873 - 587.5 

873 - 7y 

873-587.5 
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W. 


compressor 


But 


c =Rx - 

P y 


y 1.4 

— = 0.287 x t-t— 
-1 1.4 


= 1.0045 kJ/kg K 


W compressor = 1-0045(459 - 288) = 171.7 kJ/kg 


w,. 


e = c p (T 3 " T 0 = 1-0045(873 - 673) = 200.9 kJ/kg 


Net work = W lurbine - = 200.9 - 171.7 N = 29.2 kJ/kg. 


T —T * 

Effectiveness for heat exchanger, e = —~~ 

T/— Tcy 


i.e. 


0.78 = 


1 4 

-459 


673 - 459 

T 5 = (673 - 459) x 0.78 + 459 = 626 K 
Heat supplied by fuel per kg 

= c p CT 3 - 7y = 1.0045(873 - 626) = 248.1 kJ/kg 
Net work done 29.2 

^cycu ~ Heat supplied by the fuel = 248J = ° r (Ans ) 

Example 21.14. A gas turbine employs a heat exchanger with a thermal ratio of 72%. The 
tur me operates between the pressures of 1.01 bar and 4.04 bar and ambient temperature is 20°C. 
Isentropic efficiencies of compressor and turbine are 80% and 85% respectively. The pressure 
drop on each side of the heat exchanger is 0.05 bar and in the combustion chamber 0.14 bar. 
Assume combustion efficiency to be unity and calorific value of the fuel to be 41800 kJ/kg. 
Calculate the increase in efficiency due to heat exchanger over that for simple cycle. 
Assume c p is constant throughout and is equal to 1.024 kJ/kg K t and assume y= 1.4. 

For simple cycle the air-fuel ratio is 90 : 1, and for the heat exchange cycle the turbine 
entry temperature is the same as for a simple cycle. 

Solution. Simple Cycle. Refer Fig. 21.31. 

. 1^1 1.4 -1 


-1*1 


= f- 

u 


Also, 


Now, 


1 'compressor 


0.8 = 


Pi) 

: 293 X 1.486 

t 2 -t 1 

z r 2 '-ri 
435.4 - 293 
: T 2 f - 293 
435.4 - 293 


AO 
.01 
435.4 


1.4 


= 1.486 


0.8 


+ 293 = 471 K 


m f x C = (m a + m f ) x Cp x ( T 3 - T 2 ') 

[m a = mass of air, = mass of fuel] 
rxC 1x41800 


p - "v + T ' _ 

3 c p (m a +m f ) 2 ~ 1.024 (90 + 1) 


+ 471 = 919.5 K 


Also, 


y-i 

y 
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^4=^3 


Y-l 

Pi) r 
Pz) 


= 919.5 x 


/ l.Ol Y 1.4 

l 3.9 J 


INTERNAL COMBUSTION ENGINES 
1.4 -r 1 


: 625 K 


Again, 


^turbine * 


Ts-T 4 ' 

n~r 4 


T(K) 



s (kJ.'kg K) 


q^^-TV 


9195 - 625 
T t ' = 9195 - 0.85(9195 - 625) = 669 K 

1 Wrmo/“ (.Tz~T 2 ') 

_ (919.5 - 669) - (471 - 293) 72.5 

(919.5-471) 

Heat Exchanger Cycle. Refer Fig. 21.32 (a, 6) 


= 0.1616 or 16.16%. (Ans.) 


To find T.‘ 


4485 

^2 ~ ^71 K (as for simple cycle); T 3 = 919.5 K (as for simple cycle) 


p 3 = 4.04 - 0.14 - 0.05 = 3.85 bar; p 4 = 1.01 + 0.05 = 1.06 bar 
IrA i.4-i 


Ht)' -mr-™ 

T 4 = 919.5 X 0.69 = 634 K 

„ llzlL. 919.5-T 4 ' 

jj.jj - 085 = 919.5-634 
T 4 ' = 9195 - 0.85 (919.5 - 634) = 677 K 
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T(K) 



(b) 

Fig. 21.32 


To find T s : 

Thermal ratio (or effectiveness), 


T/-2V 


0.72 = 


Ts - 471 
677 - 471 


T. = 0.72(677 - 471) + 471 = 619 K 


^thermal 


(r a -r 4 ')-cr 2 '-r 1 ) 

(T 3 -T 5 ) 


843 




4L 
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internal combustion engines 

= ^^il677)-^(47i^293) ^ 64 g 

• Increase in thermal efficiency 9 =21 lc = = °' 2H6 ° r 21 ' 46% 

' -’ Example 21 . 15 . A 4500 kW 1616 ~ 5-3%- (Ans -> 

! ' he exha “ s ‘ S*** leaviZ ft / ^ are "*«*«* t™625°C *f£ '** to 

to heat ntr leaving f,;‘k "* th low 'Pressure turbine are n„ ., !l ex P ans Kn in Ike fi rst 

ratios and inter cot Una istL'nZ^ ***** com P r essor. The changer 

p isentropic efficiency^ e } Ii:een tfle stages; The airinlet t ^ ave equal pressure 
each turbine stage is o!ss ih/h * Qac \ compressor stage is 08 ^f1t m ^ ature to the “nit is 
can be assumed for both the pwer^h* 1 ? 8 *' thermal ratio w 08 A mecha^i^t e ^ icle ^cy of 
^se S and ch„ compressor 

yt‘ the thermal efficiency; . ‘ " < Wre 

(uV) rAc mass /?ou-'* 1 o/*^ e />/«,?* . 

Neglect the mass of the fuel „» i 

? * ■ ■ «• *4 * «/”n * *“«« 

% * “* —— —--* »*»«* ta 

■Solution. Refer Fig. 21 33 , r 

Given ■ 7\ = 20 + 273 + 293 u- 7 . . ,, 

Efficiency of each compress*. sia * l 0.8 + ** ~ K 

Efficient of each turbine stage , 0 .85. „ „ 

(0 Thermal efficiency, W " ° *’* 1 “ U "’ 

Si.- v (!, r J 'tbeimaj 

tho w °rk ir.putrcquiro4fcreach'' ld th * ' sent/0 P ic efticicuc ■ efrad- 
,nht tei —> **. >;: ?, is —*«<* both 


15 kJ i 


'cooler 



Work 


1 
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Also, 


Now, 


_ (/ 
Tdh 


Fig. 21.33 
1'1 


t[f,y - 


*■■6.3 

Pi 

14-1 

r 2 = (20 + ?73) x (3i u - 401 K 


0 ™ 


T 2 ~Tn 
(L.P.) = 5 ^ 


i.e., 


*V = 


401-293 

°. 8 = jy_. 293 

40 i - 298 


0.8 


+ 293 = 428 K 


Work input per compressor stage 

= c po (2y - T,) = 1.005 (428 - 293) = 135.6 kJ/kg 
The H.P. turbine is required to drive both compressors and to overcome mechanical friction. 

Work output of H.P. turbine = ~"pgg*'^ = 285.5 kJ/kg 

C M (r 6 - r/) = 285.5 
115 (898 - T{) = 285.5 

Tf = 898 - y~ = 650 K 


Now, 


T- — Tj ' 
T 6 -T 7 ~ 


0.85 = 


89b - 650 
898 ~ % 
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Also, 


Then, 


Again, 


Also, 


Ti ono (898-650^ 

T7 = 898 -l~0i5-J = 606K 

Ti UJ 

, 1.333 

^=[Za>- 1 _r898W „„„ 

Pi [r,J (.606 J 4,82 

Pa _ 9 
Pa 4.32 

Y-l 

' 1.333 -1 

1.86) 1-333 


: 1.86 




116 


X - Jfi- 
9 116 


898 


^turbine (L.P.) = 


Net work output 


116 

?a zSl 

n -r 9 ; 

898 - 0.85 (898 


= 774 K 


0.85 = 


898 - Tq 


898 - 774 
774) = 792.6 K 


= c pg <T s " 


- T 9 ') x 0.95 
- ITS (898- 792.6) x 0.95 = 115.15 kJ/kg 
thermal ratio or effectiveness of heat exchanger, 

p=*WV_ T 5 - 428 


T 9 '-T 4 ' 792.6-428 


0 . 8 , JL-f” 


792.6 - 428 


Now, 


(«) Work ratio : 

Gross work of the plant 


T 5 = 0.8 (792.6 - 428) + 428 = 719.7 K 
Heat supplied = c pg (T e - T t ) + c pg (T s - TJ) 

= 1.16 (898 - 719.7) + 1.16 (898 - 650) = 490.2 kJ/kg 
n Net work output _ 115.15 

thermal ~ ~HeaFsupplied * "4902“ 

— 0.235 or 23.5%, (Ans.) 


= W turbine (H P.) + W turbine (L.P.) 

_ 115.15 

= 285.5 + —— = 406.7 kJ/kg 


Work ra^io - 

(Hi) Mass flow in m : 

Let the mass flow be m, then 
rh x 115.15 = 4500 
4500 


0,95 

Net work o utput 

Gross work output 


115.15 

406.7 


= 0.283. (Ans.) 


i.e., Mass flow 


m 115.15 ~ 39 08 kg/s 

* 39.08 kg/s. (Ans.) 
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Example 21.16. In a closed cycle gas turbine there is two-stage compressor and a two- 
stage turbine. All the components are mounted on the same shaft. The pressure and‘temperature 
at the inlet of the first-stage compressor are 1.5 bar and 20 a C. The maximum cycle temperature 
and pressure are limited to 750°C and 6 bar. A perfect intercooler is used between the two-stage 
compressors and a reheater is used between the two turbines. Gases are heated in the reheater to 
750°C before entering into the L.P. turbine. Assuming the compressor and turbine efficiencies as 
0.82, calculate : 

(i) The efficiency of the cycle without regenerator. 

(U) The efficiency of the cycle with a regenerator whose effectiveness is 0.70. 

(iii) The mass of the fluid circulated if the power developed by the plant is 350 kW, 

The working fluid used in the cycle is air. For air : y = 1.4 and c p = 1.005 kJ/kg K. 
Solution. Given : T x = 20 + 273 = 293 K, T 5 = T 7 = 750 + 273 = 1023 K, Pl = 1.5 bar, 

P2 “ ® bar, ^compressor ~~ ^turbine ~~ 0-82. 


T(K) 



Effectiveness of regenerator, e = 0.70, Power developed, P - 350 kW. 

For air : c p - 1.005 kJ/kg, K, y - 1.4 
As per given conditions :T l ~ P 3 , Tf - Tf 

Y-l 

Y and p x — P 1 P 2 - yjlLxG - 8 bar 

fe) v - 293 - - 357 K 


Now 


^2 _ [ P2 
Ti Ui 
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n T i~ T i 

1 compressor (L.p.) = rrT, - “ 

1 2 * T x 

0.82 = 357 - 293 
W- 293 


internal combustion engines 


Now, 


T ’ - 357 - 293 

2 ~ + 293 = 371 K i.e., r 2 ’ = T- = 371 K 

r ( / x 14 -* 1 

is } r f n.nr" r 


Hs-) ; 



ft =P 2 
ft 


^ur6m e ( H .p.) = ~ - ~~ 

~T e 

1023 - T e ' 


0.82 = 


1023 - 839 


^ = 1023-°.82 (I° 2 3 _ ggg) = g72K 
8 _ ^6 = 872 K as n _ 

^ = r 5 = 1023 K (H PJ ~ (L.P.) 


Net work available. 


and _ _ 

T l ~ T 5 = 1023 K 
Effectiveness of regenerator £ - ZzK. 

0.70=-ft 8 ™. ■ 

872 - 371 *•*. r = 0-70 (872-371) + 371 = 722 K 

= [%lpj + ^l.p,]-[W C(HP) + 

r -** —*-*»-* «* < 

W net ~ 2 c p [(T 5 - Tg') - (T 2 - _ T )] 

Heat supplied per kg of air muhout re g lZTto~ r ^ ~ ^ ~ ^ = 14673 U* of air 

Heat supplied per kg of air wUh^enerlm ^ + (6l ° 23 ~ 8?2)J = 807 ^/kg of air 
= c p( T s ~T') + c ( T _ j> o 

:SS?' 722)+a023 - 872a . 

T,therm “ <With °' 11 rese ""“°-> = = 018 2 or 18.2%. (Ans.) 

(U) 0thermal (with regenerator) = —— - Q 390 

(«t) Mass of fluid circulated, ^ _ 9 323 or 32.3%. (Ans.) 

Power developed, p. ' 

“ ~ 146.73 x m kW 


is 
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350 = 146.73 X m 
ie., ■ 350 

.... :»C 2 ; 

^nvxample 21.17 Thp * * 

1 to 300K ar The fter i C ° mpression * « l^edthr^ugh^nterc^er ‘1 ^ C ° mpressor at 293Kand 

L72%%f CienCy f 0 [^coZressor stage 

determinate ?Xtu7: hamCa1, ° nd heat losse ° of the system and fuel mass also 

u) 77ie power output . 

(wd Specific fuel consumption * £) Therr ^al efficiency . 


?.e., 


Solution. Gme„ : 7 1 , = 293 K, 7 , = 3 00 K, — = - o t « 

,7 _ any p l Pi ’ Ts = 750 + 273 = 1323 K, 

’compressor ~ « 4 %, t) = 82 %, £ = 0.72 A, _ 1* „ _ 


Also, 


71 ft ft »*6"^t^a B i U 23 JK| 

T- i.o it 1 8 = % ; iVki k\V 16 kg ! s> c=42000 kJ/kg - 

* kJ/kg K, Y (for a.r) = 1.4, y (f or gas) 1.33. 

^2 _ f p 2 ) r 

• sri^j - (2) 14 =1.219 

r 2 “ 293 x 1,219 = 357 K 

% - T, 

71 - — 2 —lL 

'compressor ~ ~ p 

„„„ 357-293 


0.82 m ^ 2 ? 3 

7i'-293 

r ,_f357-293') 

2 ~ l 082 J + 293 = 371 K 


Similarly, 


T\(pS~T 

T 3 (Pi] =(2) ^ = 1219 


T i = 300 x 1.219 = 365.7 Hand n 

1 compressor 


0.82 


365,7 - 300 

-^^iocT 


T , [365.7-300) 

Work output of H.P t„rh ' 4 " ST 1 ® 2- ' + 300 = 380 K 
Neglecting mass of fuel weTn t0 COm “- 


T i'~T 3 


1 15 ( 102 ! J! = Kr2 ' ~ r ' ) + (T / - r 3 )j 
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(a) 


T(K) 
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Also, 


i.e.. 


Now 


i.e., 


Again, 


l8.8 

2y = 1023 - — = 886 K 


Tt-W 

^turbine (H.P.) ~ - T 7 


0.82 = 


1023 - 886 
1023 - Tn 


(1023 - 886^ 

0.82 J = 


T 7 = 1023 - ^ 
Izl 

lP7 J 


_3L_ L33 

Pa = fZk ) y - 1 = f 1023 W-l = 


856 K 


Pi 


V 856 J 


2.05 


P7 = i^ = li := 205bar 


1-1 

p? | y 

Pay 


1.33- 1 

2.051 1-33 
l05 


= 1.18 


T a = 


L i _ 


886 


118 118 

_ 

turbine (L.P.) “ Tj' - Tg 

886 - Tg' 
886 - 751 


: 751 K 


0.82 = 


7Y = 886 - 0.82 (886 - 751) = 775 K 


(i) Power output : 
Net power output 


p 6 = 1.05 x 4 - 4.2 bar] 


=‘v*< 2 Y - t *’) 

= 1.15 (886 - 775) = 127.6 kj/kg 
.*. Net output per second = m x 127.6 

= 16 x 127.6 = 2041.6 kj/s = 2041.6 kW. (Ans.) 

(ii) Thermal efficiency : 

T s -T 4 ' 

Effectiveness of heat exchanger, e = ^T7 

- *-A 


0.72 = 


778-380 


T s = 0.72(775 - 380) + 380 = 664 K 
Heat supplied in combustion chamber per second 

= c pg (^e ~ 

= 16 X 1.15(1023 - 664) = 6605.6 kJ/s 
2041.6 


^thermal 


6605.6 


= 0.309 or 30.9%. (Ans.) 
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(Hi) Specific fuel consumption : 
tf is the mass of fuel supplied per kg of air, then 
m f x 42000 = 1.15(1023 - 664) 

1 _ 42000 


101.7 


Air-fuel ratio 
Fuel supplied per hour 
Specific fuel consumption 


115(1023 - 664) 
= 101.7 : 1 
16x3600 


101.7 

566.37 


= 566.37 kg/h 
0.277 kg/kWh. (Ans.) 


2041.6 

ofLP :„ E -7 IC 21 ' 18 ' ^ ^ takeU in a gaS tUrbine P l ««t at 11 bar 20°C The „/ , 

Jn\ P ‘ a d H com P re $sors and L P and H P h ■ m, ' T he plant comprises 

3.3 bar followed by intercooling to 2VC. The pressure Z I,/ ™ mp ™ sion stage is upto 

Loss in pressure during intercooling is 0.15 bar Air from U P H? ' COmpressor « 9.45 bar. 

exchanger of effectiveness 0.65 where it is heated bv th C °" lpressor ls transferred to heat 

‘“‘hanger the air passes through combustion chamber ThTT ^ L? ' turbine ' A f ter heat 

670'cZeT " 70 °: a The gases expand HP. t^b ne to 3 6 7b e a atU Z SUPpUed to 

670 C before expanding in L.P. turbine. The loss of nrZZ , and alr then reheated to 

© The overall efficiency fZT * reheater is 012 Determine : 

Assume: Isentropic efficiency of compression in both stages - 0 82 
Isentropic efficiency of expansion in turbines = 0 85 ~ 

For air : c p = 1.005 kJ/kg K, y= 1,4. 

For gases : c p = 1.15 kJ/kg K, y = l' 33 . 

Neglect the mass of fuel. 

Solution. Given : 7\ = 20 + 273 - K » i i u 

‘ 3 3 - 0 is 3 15 l 1 = 11 ^ = 3 3 bar > r a = 27 + 273 = 300 K, 

r - R 7 I 1 OTQ 315 bar ’ Pi ~ Ps = 9 45 bar > T e = 073 K, 

T s ~ 670 + 273 = 943 K, p 3 = 3.5 bar, 

0comDre.se/ir® ~ 82%, ■ = RSQZ, Pm.- . . _ 


and 


= 1.33. ^ 144 ' c w - 115 kJ/kg K 

Refer Fig. 21.36. 


Now, 


. T-l 


1 -4-1 

1.4 


t-fe) ’ -(SJ 

T z = 293 x 1.369 = 401 K 


1.369 


”compressor (L.P.) 


= 0.82 = 


T2~T, 

T 2 '-T, 
401-293") 


401-293 
T 2 ' -293 


. ( 401-293 "] 

‘ l 0.82 J 


0.82 

. 7-1 


+ 293 = 425 K 


Again, 


1.4-1 

1.4 


TlJpA r 9.45 
T s (p 3 J ( 3.15 
T 4 = 300 x 1.369 = 411 K 


= 1-369 


JmL 1 
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Now, 


Similarly, 


Also, 


Again, 





_ TizA 

zompressor (H.P.) ~ rp t rn 
1 4 ~h 

411-300 

0.82 = 


7V-300 
411-300'l 

0 ^,—J + 300 = 435 K 

, .1^1 . 133-1 

Pei 1 


>.45 ^ i,a 

i.62 J 


(Pi7 

T __ T 6 973 

7 1268 L268 “ 767 K 

0 

* turbine (H P.) 


- 1268 


0.85 : 


' ^6-^7 

973 - Tf 
973 - 767 


Tf ~ 973 - 0.85(973 - 767) = 798 K 


T n ~ 


P9j (11 
T g 943 
1.332 _ 1.332 


1.33 -1 
'3.5VT33” 

T7\ =1.332 


= 708 IC 


S53 


0 furbine (L.P.) ' 


To-To 


Visit: www.Civildatas.com 






















































VTsit^- www - . Civ i k l atas .com ■ 




INTERNAL COMBUSTION ENGINES * 


0.85 = 


943 - r 9 / 
943 - 708 


Effectiveness of heat exchanger, 


T g ' = 943 - 0.85(943 - 708) = 743 K. 


e = 0.65 = 




0.65 = 


n'-n' 

Tr - 435 


743 - 435 


WL 


T 5 = 0.65(743 - 435) + 435 = 635 K 


1 turbine (H.P.) C pg ^6 ^7 ) 

= 1.15(973 - 798) = 201.25 kJ/kg of gas 

^turbine (L.P.) C pg^S ~~ ^9 ) 

= 1.15(943 - 743) = 230 kJ/kg of gas 

Wcompressor (L.P.) ~ C p<S ^2 ~~ .) 

= 1.005(425 - 293) = 132.66 kJ/kg of air 

^compressor (H.P.) = C pa^A ~ 

= 1.005(435 - 300) = 135.67 kJ/kg of air 
Heat supplied = c pg (T 6 - T 6 ) + c pg (T s - T ? ') 

= 1.15(973 — 635) + 1.15(943 — 798) = 555.45 kJ/kg of gas 
(t) Overall efficiency r| overal , : 

_ Net work done 
^overall Heat supplied 

_ turbine (H.P.) + Wturbinei L.P.d ~ ^comp. (L.P.) + ^comp. (H.P.) 1 

Heat supplied 

_ (20L25 + 230)-(132.66 + 135.67) 

555.45 

162.92 


(ii) Work ratio 


Work ratio ■■ 


- 555 4 g = 0.293 or 29.3%. (Ans.) 

Net work done 
Turbine work 

^turbine (H.P.) + W turbirw( L.P.d ~ W 'comp . (L.P.) 4 ^comp. (H.P.) 1 


^turbine ( H.P.) + ^comp. (L.P.)] 

(201.25 + 230) - (132.66 +135.67) 162.92 

(201.25+230) = 431.25 

^ Work ratio = 0.377. (Ans.) 

(Hi) Mass flow rate, m : 

Net work done = 162.92 kJ/kg. 

Since mass of fuel is neglected, for 6000 kW, mass flow rate, 


= 0.377. 


Mass flow rate 


6000 

m = 16*32 = 36 83 kg/s 

= 36.83 kg/s. (Ans.) 
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21.8. JET PROPULSION 

The principle of jet propulsion involves imparting ^^umto “^^“t'achieved 
manner that the reaction of imparted momentum a nozzle due to which 

by expanding the gas, which is at high a propulsive force (in 

The propulsion system may be classified as follows : 

X, Air stream jet engines, (Air-breathing engines) 

(a) Steady combustion systems ; continuous air flow 

ffl Turbo-jet <«) Turbo-prop 

(iii) Ram jet 

(b) Intermittent combustion system ; intermittent flow 
(0 Pulse jet or flying bomb. 


2. Self contained rocket engines (Non-air breathing engines) 


21.37 shows the power plant for screw propeller. By controlling thesuppy efficiency of 

sonic velocity. 



C.C = Combustion chamber 


Fig. 21.37. Power plant for screw propeller. 


Exhaust 

(To atmosphere) 


l 
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21.8.1. Turbo-Jet 


if 


f 


i 

i 



i 



21.8.1.1. Description 

Fig. 21.38 shows a turbo-jet unit. 

• It consists of diffuser a f 

pre t S h S ur P e Ian t h SP t eed) ^ part ^heta^netlc ene^onh " r . (enterin S at velocity equal 

• VSitSST ^ * verted into 

. T^™ aIfl ° Wtype) - PreSSUre ° f 3 t 04 barinarota ^co mpressor(usually 

The combustion rffodtekespl ^ COmbustion chamber (C C ) where fa . 
temperature rises rapidly. ' ** 9t instant pressure and subsequently 

The hot gases then enter the gas turhi u Y 

takes *—^ 

# T , , Pressor, fuel pump and other 

the exhaust gases frnm t-v. ^ 

mm 

Advantages of Turbo-jet engi nes 

1 powerj 110 ^' 011 much s ’ m pler (as compared to multi-cylinder piston e • , 

2 - Engine vibrations absent. 

t smooth 000 ^ 3ChieVed) - 

wer ratios superior (as compared to that of reciprocating type of aeroengine). 


Direction of 
aircraft *- 


Aircraft 
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>g_57 

6 . Rate of climb higher. 

7. Requirement of major overhauls less frequent 

8 . Radio interference much less. 

gines. 11111 alhtude ceilmg as compared to turbo-prop and conventional piston type en- 
10 . Frontal area smaller. 

U. Fuel can be burnt over a large range of mixture strength V 
Disadvantages of turbo-jet engines 

1. Less efficient. 

2 . Life of the unit comparatively shorter. 

4 M h or p tUrb 0 ’ je l beCOme ' S raPi ' d,y inefflcient below 550 km*. 

■ More noisy (than a reciprocating engine). 

5. Materials required are quite expensive. 

7 Atlak 6 mT f !P SiDCe l6ngth ° f take -° ff is to ° much. 

2 , « , o n f thrUSt iS l0W ’ this effect overcome by boosting. 

21.8.1.2. Basic Cyble for Turbo-jet Engine 

The various processes are as follows T engine 1S tte Joule or Bra yt°n cycle as shown is Fig. 21.39. 

IWss 1-2 : The ^entering from ataosphere is diffused isentropically from velocity 

efficiency of 100%, this is UeS ^ ^ “ 

Process 2 3- I T** ** '* ^ P ™ cess ' 

r-rocess 2-3 . Isentropic compression of air. 

Process 2’-3' shows the actual compression of air. 


T, h 
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Process 3-4 
Process 4-5 
Process 5-6 


Ideal addition of heat at constant pressure p 3 = p 4 
Process 3'~4 shows the actual addition of heat at constant process p 3 = p 4 . 
Isentropic expansion of gas in the turbine. 

Process 4-5' shows the actual expansion in the turbine. 

Isentropic expansion of gas in the nozzle . 

Process 5'-6' shows the actual expansion of gas in the nozzle. 

Consider 1 kg of working fluid flowing through the system. 

Diffuser : 

Between states 1 and 2, the energy equation is given by : 

C 2 G) 2 

~~2~ + h 1 + Qj 2 = —— + h 2 + Wj_ 2 
where C a (= Cj) = Velocity of entering air from atmosphere. 

In an ideal diffuser C 2 = 0, Q 12 - 0 and W V2 = 0. 

C 2 

Enthalpy at state 2 is, h 2 = h x + —kJ/kg 


T, + 


2.c n 


...(21.7) ( 


n .T) 


Process 1-2' shows actual process in diffuser. 
Diffuser efficiency, 


yy = k 2~ h l = T 2 ~ T \ 
d ^2~ T 1 
C 2 

h 2 - h x + 


2t W 


T' = T. + 2 - 

2 1 2 .c p .r\ d 


...( 21 , 8 ) 


Compressor : 

Energy equation between states 2 and 3 gives 

2 

Assuming changes in potential and kinetic energies i;o be negligible, the ideal work ex¬ 
pended in running the compressor is given as, 


C 2 2 

*2 + 1- 


w 


: ^3 ” ^2 ~ C p(T3 “ 


The actual compressor work (to be supplied by the turbine) 

_ / ~ _ c p (^3 ~ 


(where r) c = Isentropic efficiency of compressor) 

Combustion\chamber : 


nc 






Ideal heat supplied per kg, Q = h 4 - h 3 = c p (T 4 - T 3 ) 


Actual heat supplied 


= 1 + - 




1 + - 


(where c pg and c pa are specific heats of gases and air at constant pressure respectively) 
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Turbine : 

Between states 4 and 5, the energy equation is given by : 


If Q 4 5 = 0, then turbine work, 


h, + 


W, = (/i 4 -A 6 ) + 


(C 4 2 -C 6 2 ) 


If the change in kinetic energy is neglected, we have 
W, = (h 4 - hj = c p (T t - T 5 ) 

Actual turbine work = - h s ' = c p (T 4 - T 5 ) = c p (.T 4 - T s ) x t| ( 

(where p, = Isentropic efficiency of turbine) 

For the simplification, turbine work = compressor work 

cAT 3 -T 2 ) 

c p (T t - TO = o p (T t - r 5 ) n, = —-— 


or 


t 5 ' = t 4 - (T t - T 5 )n, = T 4 

Jet nozzel : 

Energy equation between states 5 and 6 gives 


C„ (T 3 -T 2 ) 

Tic 


ht- + 


— h a + 


Q 


^ /2 o /2 


If C 5 ' 2 is very less as compared to C 6 ' 2 , we have 


, , Qj 

^6 _ ^6 + 2 


C„' = ^2(V- V> = J 2l ln (V-W 

C 6 '= c p CT B '-T 6 ) 


859 


...Ideal case 
..Actual case 


...(21.9) 


(where n n = Nozzle efficiency) 

Thermal efficiency (rj^) is given by : 

_ (h 4 - V)-(V-^i) 

T1u '“ (A 4 -V) 

-TV )-(r 3 ' -T x ) ..(21.10) 

= (r«-r s ') 

21.8.1.3. Thrust, Thrust-power, Propulsive Efficiency and Thermal Efficiency. 

Thrust (T) . , 

Let C = Forward velocity of aircraft through air, m/s. Assuming the atmospheric air to be 
still the velocity of air, relative to the air craft, at entry to the aircraft will be C„. It is called 
velocity of approach of air . 

C- = Velocity of jet (gases) relative to the exit nozzle/air craft; m/s. 


1 + 


fuel O 71 /) 
air (m a ) 


= Mass of products leaving the nozzle for 1 kg of air. 


I . 
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I 

Thrust is the force produced due tn nh r 
No. .b„ ta « VM, „r 

Ai “‘“ a. .L„r.v '■ ■' 

• • Change of momentum = f 1 + ~j (C - C ) 


Hence, 


thrust, T ~ f 1 + , 

Sy y ° /kgofair/s 

Thrust power (T.P.) : 7 N/kg ° f mr/Sj ne S l ^ting mass of fuel ...(21 12 ) 


or 


T - P - = [( 1+ mJ (C >-C ( ,)jc <I W/ k gofa ir ... (2U3) 

(C. _ c } C “ ^ ° f 3ir ^ mQS,S 0/- ^ “ neglected 


J C J~Cq)C n 

1000 k w/kg of air 


...(21,14) 


Propulsive power (P P ) • 


Mathematically, pp = 




c 2 

~ W/kg 


_ Cj - C a ‘ 

2 ^ W/k & neglecting mass of fuel 


-.(21.15) 


-.(21.16) 


j z. a 

t> , 2x1000 kW/k £°fair 

Propulsive efficiency (n ) . -/ 

Thp t‘e J ’prop/ ■ 

'■*— —■*—- „«. 


n __ Thrust power 

'prop. ~ 7TI -- 

Propulsive power 


. [hg-) (c >- c ->K 


'1 + ^t) 

< m a J 


fi + Sl 

]cy 


I J 




Neglecting the mass of fuel, 

0 = i^LL2(C ; -CJC 

‘Prop. 7^2 7,2 = - 1 - -£iZ2__ 

' lCj + C a )(Cj-C a ) 


...(21.17) 
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-J C a 


a + 1 


...(21.18) 


aircraftveZcltv C^n^ ’V* propulsive efficiency increases with an increase in 

aircraft velocity C„. becomes 100% when C„ approaches Cj ; thrust reduces to zero (Eqn. 

Thermal efficiency, (t| th ) : ) 

fuel ^ 13 defmed 38 the ratW 0f P r °P ulsive ™rk and the energy released by the combustion of 

or s-:-Propulsive work_ __ Increase in kinetic energy of the gases 

Heat released by the combustion of fuel Heat released by~the"combustion of fuel 

» 2 n 2 




1+^ Cy 2 -C fl 2 


m r 


x calorific value 


(Cj 2 ~ C 2 ) 


2 x f —) x calorific value 

\ m a) 


...(21.19) 


...( 21 . 20 ) 


Overall efficiency (rj 0 > is given by : 

^0 “ ^ th * ’Hprop. = 


! “fe) 


(c/-c a 2 ) 


2 C„ 


C • + c 

x calorific value J a 


c Cj-C a )C a 


...( 21 . 21 ) 


x calorific value 


For maximum overall efficiency the aircraft velocity C a is one half of the jet velocity C . 
The jet efficiency (Tj jet ) is defined as : J 

-p. = __ Final kinetic energy in the jet _ 

Isentropic heat drop in the jet pipe + Carry over from the turbine ‘ 


^Example 21.19. A turbo-jet engine consumes air at the rate of 60.2 kg/s when flying at 
a speed of 1000 km/h. Calculate : 

ity co-efficient iftjol ° ftheJet When the enthal Py chan Se for the nozzle is 230 kJ/kg and veloc- 

(ii) Fuel flow rate in kg Is when air-fuel ratio is 70 : 1 
(lii) Thrust specific fuel consumption 

iiu) Thermal efficiency of the plant when the 
value of the fuel used is 42000 kJ/kg . 

(v) Propulsive power 
ivii) Overall efficiency . 


combustion efficiency is 92% and calorific 
Propulsive efficiency 


Visit: www.Civildatas.com 





























































862 


INTERNAL COMBUSTION ENGINES 






i.e. t 


Solution. Rate of air consumption, 
Enthalpy change for nozzle, 
Velocity coefficient, 

Air-fuel ratio 


m a = 60.2 kg/s 
Ah = 230 kJ/kg 
z = 0.96 
- 70 : 1 


Combustion efficiency, V combuslu>n = 92% 

Calorific value of fuel, C.V. = 42000 kJ/kg 


A . . 1000x1000 

Aircraft velocity, C fl = - 60 ~ 60 = 277.8 m/s 

(0 Exit velocity of jet, Cj : 

Cj = z J2 Ah x 1000 , where Ah is in kJ 

= 0.96 ^2x230x1000 = 651 m/s. 
Exit velocity of jet = 651 m/s. (Ans.) 

(h) Fuel flow rate : 


Rate of fuel consumption, m, = *2** $™- consumption 

Air-fuel ratio 

60.2 

= = 0.86 kg/s. (Ans.) 

(Hi) Thrust specific fuel consumption : 

Thrust is the force produced due to change of momentum. 

Thrust produced = m a ( C~ - C 0 ), neglecting mass of fuel. 

= 60.2 (651 - 277.8) = 22466.6 N. 
Thrust specific fuel consumption 


e., 


_ Fuel consumption 0.86 
Thrust ~ 22466.6 
= 3.828 x KH* kg/N of thrust/s. (Ans.) 

( iv ) Thermal efficiency, T\ thermal : 

Work output 
X]>h ’ rmal = Heat supplied 

_ Gain in kinetic energy per kg of air 
Heat supplied by fuel per kg of air 


\ 

Thermal efficiency 

(u) Propulsive power : 


Propulsive power 


(C, 2 -C„ 2 ) 

^ ^ j X C. V. X o combustion X 1000 

(651 2 - 277.8 2 ) 

=-T---= 0.3139 or 31.39% 

2 x — x 42000 x 0.92 x 1000 
70 

= 31.39%. (Ans.) 


(Cj 2 -cf 

1 - 602 xl 

f 651 2 - 277.8 2 ^ 

2 J 

1000 

l 2 J 


kW 


= 10433.5 kW. (Ans.) 
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(vi) Propulsive efficiency, n 


Thrust power 


2 C n 


c j + C a 


651+277.8 

(vii) Overall efficiency, rj 0 : 


Propulsive power 
2 x 277 8 

0.598 or 59.8%. (Ans.) 


...(21.18) 


ho ~ 


Thrust work 
Heat supplied by fuel 

(651-277.8) x 277.8 

1 


o Cj-C a )c a 


X C.V. X 


,..(21.22) 


= 0.1878 or 18.78%. (Ans.) 


—- x 42000 x 0.92 x 1000 
70 

Example 21.20. The following data pertain to a turbo-jet flying at an altitude of 9500 m : 
Speed of the turbo-jet = 800 km/h 

Propulsive efficiency - 55% 

Overall efficiency of the turbine plant - 1 7% 

Density of air at 9500 m altitude ~ 0.17 kg/m 3 

Drag on the plane - 6100 N 

Assuming calorific value of the fuels used as 46000 kJ/kg , 

Calculate : 

00 Absolute velocity of the jet . (ii) Volume of air compressed per min. 

(iii) Diameter of the jet. (iv) Power output of the unit. 

(v) Air-fuel ratio. 


Solution. Given : Altitude = 9500 m, C = 


800 x1000 
60x60 


= 222.2 m/s, 


\ropuisivt ~ 55%, y\ overaU - 17% ; density of air at 9500 m altitude = 0.17 kg/m 3 ; drag on the 
plane = 6100 N. 

(i) Absolute velocity of the jet, (C. - C a ) : 

2C q 

h propulsive ~ 0-55 — Q + Q 

where, C = Velocity of gases at nozzle exit relative to the aircraft, and 


C a = Velocity of the turbo-jet/air-craft. 

2x222,2 


0.55 = 


C .= 


Cj + 222.2 
2 x 222.2 
0.55 


- 222.2 = 585.8 m/s 


Absolute velocity of jet = Cj- C a = 585.8 - 222.2 = 363.6 m/s. 

(ii) Volume of air compressed/min. : 

Propulsive force = m a ( Cj - C a ) 

6100 = m a (585.8 - 222.2) 
m a = 16.77 kg/s 

16.77 

Volume of air compressed/min. = — — x 60 = 5918.8 kg/min. (Ans.) 
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(Hi) Diameter of the jet, d : 


Now, 


i.e. y 


4 d 2 x C = 5918.8 
4 d2 x 585.8 = (5918.8/60) 


4 


Diameter of the jet 

(iv) Power output of the unit : 

Thrust power 


Turbine output 

(u) Overall efficiency, y\ 0 : 


5918.8x4 > j 1/2 
60 x n x 585.8 J 

463 mm. (Ans.) 


= 0.463 m = 463 mm 


= Drag force x velocity of turbo-jet 
45 6100 x 222.2 N-m/s 
6100x222.2 


1000 
Thrust power 


= 1355.4 kW 

1355.4 


ilo = 


i.e., 


0.17 = 


TYlf = 


Propulsive efficiency 0.55 

Heat equivalent of output 

rhf x C.V. 

2464.4 


= 2464.4 kW. (Ans.) 


Air-fuel ratio 


rhf x 46000 
2464.4 
0.17x46000 
Air used (in kg / s) 


= 0,315 kg/s 

16.77 
' 0.315 


= 53.24 


• r , Fuel used (in kg/s) 

F r/ ^ = 53.24:1. (Ans.) 

and 1.01 bafand deUv!red J"* T Com P ressor at 15 ° C 

compression is uncooled. After delivery ^" 82% and the 

ture reaches 750 a C. The air then na l , ^ a * C0 ™tant pressure until the tempera- 
and has an isentropic efficiency of 78°7 hJfn ° Urhme “ nit whlch drives the compressor only 
atmospheric pressure of 1.01 bar with an ef^ier^of^Nef/ 1 ^ expandin 8 to 

the weight of the fuel and assuming that Rand 7ari “"l lncrease due to 

® Th * P ower required to drive the compressor ^ ^ ' 

(til r/T air ~ fud ratlol J the fi*l has a calorific value of 42000 kj/kg 
(in) The pressure of the gases leaving the turbine * 

{iv) The thrust per kg of air per second 
Neglect any effect of the velocity of approach. 

Assume for air : R = 0.287 kjfkg K, y = 1.4. 

Solution. Given : T x = 15 + 273 = 288 K, 

Pl = 101 bar ’ ?2 = 4 04 bar, T 3 = 750 + 273 = 1023 K, 

^compressor ~ 82% , *1 turbine ~ 78 %. 0 nozzU = 88%, 

R air - 0.287 kJ/kg K, y o(> =1.4. 


Refer Fig. 21.40. 


Ik 


Y -1 

k=f£2.] r _f4.04yi; 

V IftJ U-oiJ 


1.4-1 

.4 


= 1.486 
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* S 


T 2 S 2.88 X 1.486 = 428 K 

n-T, 


428 - 288 


-*2 . _ 

'lcompr, K or = Jw _ 0 82 = ~Tf - 288 

f 428 - 288 ^ 

2 l 0.82 J 


+ 288 = 458.7 K 


C P = R X 7^7 = 0.287 X -- 1 - 4 
(r-ij (i.4-i) 


> 1.004 kj/kg K 


(i) Power required to drive the compressor : 

Power required to drive the compressor (per kg of air/sec.) 

...... . , = c p (T,/ - Tf) = 1.004(458.7 - 288) = 171.38 kW. (Ans.) 

(u) Air-fuel ratio : 

m f x C = (m o + mf ) x c p x (T s - Tf) 
where, m a = Mass of air per kg of fuel, and 
= Air-fuel ratio. 


c p (T 3 -T 2 ')~" l f 
--1 


L p Vi 3 “ -*2 

c 


C P ^3 - r 2 ') 


42000 


*•«.» Air-fuel ratio 


1.004(1023-458.7) 
= 73.1 : l, (Arts.) 


- 1 = 73.1 


865 
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i.e., 

or 


or 

or 


(Hi) Pressure of the gases leaving the turbine, p 4 : 

Neglecting effect of fuel on mass flow, 

Actual turbine work = actual compressor work 

c p(r*-rj)-c/r.-r 4 o 

Ty-r^-Ty 

458.7 ~ 288 = 1023 - Tf 
T; = 852.3 K 
T 3 -T 4 ' 

^1 turbine 


Also, 


0.78 = 


t 3 ~t 4 

1023 - 852.3 


T 4 = 1023 - (- 


1023 - r 4 

( 1023 - 852.3 
0.78 J 


= 804 K 


T“i 

7 


2Uf*T 

t 3 IftJ 

ft U J 


f 804 
11023J 


= 0.43 


p 4 = 4.04 x 0.43 = 1.74 bar. (Ans.) 
(iv) Thrust per kg of air per second : 


7V 

n 


^nozzle 


0.88 



iA ZJA 

T 4 '-T 6 


852 -7y 
852.3 - 729.7 


r 5 ' = 852.3 - 0.88 (852.3 - 729.7) = 744.4 K 

If Cj is the jet velocity, then 
C/ 

-£-=c,(7V-2y) 

Cj= j2xc p (T i '-T',’). 

\ - fe x 1.004(852.3 - 744.4)x 1000 = 465.5 mJs 

Thrust per kg per second = 1 x 465.5 = 465.5 N. (Ans.) 

Example 21.22. A turbo-jet engine travels at 216 m/s in air at 0.78 bar and - 7.2°C. Air 
first enters diffuser in which it is brought to rest relative to the unit and it is then compressed in 
a compressor through a pressure ratio of 5.8 and fed to a turbine at 1110*0, The gases expand 
through the turbine and then through the nozzle to atmospheric pressure (i.e., 0.78 bar). The 
efficiencies of diffuser, nozzle and compressor are each 90%. The efficiency of turbine is 80%. 
Pressure drop in the combustion chamber is 0.168 bar. Determine : 
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(i) Air-fuel ratio ; 

{it) Specific thrust of the unit ; 

(Hi) Total thrust , if the inlet cross-section of diffuser is 0.12 m 2 . 
Assume calorific value of fuel as 44150 kJ/kg of fuel. 

Solution. Refer Fig. 21.41. 


(h,T) 



Speed of the aircraft, C a = 216 m/s 

Intake air temperature, 7\ = - 7.2 + 273 = 265.8 K 

Intake air pressure, p x = 0.78 bar 

Pressure ratio in the compressor, r p ~ 5.8 

Temperature of gases entering the gas turbine, T 4 = 1110 + 273 = 1383 K 
Pressure drop in combustion chamber = 0.168 bar 

lid = ^^-9 0%;x\ t = B0%. 

Calorific value of fuel, C.V. = 44150 kJ/kg of coal 

(i) Air-fuel ratio : 

For ideal diffuser ( i.e ., process 1-2) the energy equation is given by : 

C 2 Q 2 Q 2 

K= h i + ~lr or h *- h i = ~2~ or T 2" r t = 2Z' 


T 2 = T l + 


2c, 


= 265.8 + 


216 2 


For actual diffuser (i.e., process 1-2'), 
^2 ~ 


ild = 


hf - fe] 


2x1.005x1000 
hi ~ hi 


= 289 K 
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Now 

Again, 

Also, 

Assume 
Heat supplied 


v= A i+= *, + -Si 

’V* 2 n d 

T 2' = r i + o f* ~ = 265.8 + 

2 c p ’Id 

Ik = 

r i UlJ ° r 265.8 “1,0HJ 

p 2 = 0.78 x (1.087) 3 -6 = 1.044 bar 
y ZzJ 14 -1 

jy=( r p> 7 =(5-8) 14 
T 

^ = 1 


INTERNAL COMBUSTION ENGINES 


216 2 


2x1.005x1000 x 0.9 

r~ = f-A-) U or (1 


= 291.6 K 


te) 


1.652 or T 3 = 291.6 x 1.652 = 481.7 K 


7^ or T a ' = T 2 ' + _ go! 6 + 481.7-291.6 


C « = C pa = C p 


0.9 


= 502.8 K 


or 

or 


case) 


“ (m « + m fK T a - m a c p T z ' - m.fX C 
m a c p T 4 + m fC p T 4 - rn a Cp T 3 ' = m f x C 

m a c pW 4 -T z ')= mf (C-c p T 4 ) 

^sl - - C ~ c p _ 44150-1 .005 x 1383 

. m / c p^ T 4~ t z) 1.005(1383-502 8 ) 

Air-fuel ratio = 48.34. (Ans.) 

(“) Specific thrust of the unit : 

a a. , p 4 * Pz - °168 = 5.8 x 1.044 - 0.168 = 5.88 bar 
sume that the turbine drives compressor only (and not accessories also as is the usual 


= 48.34 


C P (T 3 - T i) = o p (T 4 - T’) 


P'“ 3 *2 y “ V 

^3 ~ ^2 “ T* - or 7y = T 7 ^ _ (y, 

= 1383 - (502.8 - 291.6) * 1171.8 K 


3 - T 2 1 


or 


or 


Also, 


Now, 


Again, 


’ 1,= Ti-Tj 


/" 1383 V 

U119 J 


I 

67 

II 

T 4 -T s 

- = 1383 - 

1383-1171.8 




0.8 


.Izl 

L4 -1 


■j£i. 


5.88^“Tr 


Us. 

i ( 

. ^5 J 


_ 5.88 




Pi 

or Ps = 

2.8 bar 



= 1119 K 


7-1 


1.4-1 

2.8 nr 


= 144 


{.PsJ 1,0.78 

T - T * _ 1171.8 
° ~ 144 1A4~ = 813.75 K 
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and 




or r 6 ' = r 6 '-n„(T 5 '-T 6 ) 


2 s' - 7s 

= 1171.8 - 0.9(1171.8 - 813.75) = 849.5 K 
Velocity at the exit of the nozzle, 

Cj = 44.72 VV^V = 44.72 f p (2’ 5 '-T 6 ') 

= 44.72 ^1.005(1171.8 - 849.5) = 804.8 m/s 

Specific thrust = (1 + m f ) x C, = [l+ x 804.8 

= 821.45 N/kg of air/s. (Ans.) 

(ill) Total Thrust : 

Volume of flowing air, V x - 0.12 x 216 = 25.92 m 3 /s 


Mass flow, 

Total thrust 


_ PiVj _ 0.78 x 10 5 x 25.92 

m “ “ RT X (0.287 x 1000) x 265.8 

= 26.5 x 821.45 = 21768.4 N. (Ans.) 


= 26.5 kg/s 


869 


•^Example 21.23. The following data pertain to a jet engine flying at an altitude of 


9000 metres with a speed of 215 m/s. 

Thrust power developed 750 kW 

Inlet pressure and temperature 0.32 bar , - 42°C 

Temperature of gases leaving the combustion chamber 690°C 

Pressure ratio 5,2 

Calorific value of fuel ' 42500 kJ/ kg 

Velocity in ducts (constant) * 195 mls 

Internal efficiency of turbine 86% 

Efficiency of compressor 86% 

Efficiency of jet tube 90% 


For air : c p = 1.005, 7 = 1.4, R = 0.287 
For combustion gases, c p = 1.087 
For gases during expansion, y = 1.33. 

Calculate the following : 

(i) Overall thermal efficiency of the unit ; 

(u) Rate of air consumption ; 

(Hi) Power developed by the turbine ; 

0 iv) The outlet area of jet tube ; 

(u) Specific fuel consumption is kg per kg of thrust. 

Solution. Refer Fig. 21.42. 

Given : T.P. = 750 kW ; Pl = 0.32 bar, T x = - 42 + 273 = 231 K ; T g = 690 + 273 = 963 K ; r 
= 5.2 ; C = 42500 kJ/kg ; C a = 215 m/s, Cf = 19.5 m/s, ti c = 0.86 ; T) t = 0.86 ; T\ jt = 0.9. 

Refer Fig. 21.42. 

Let m f - kg of fuel required per kg of air 

Then, heat supplied per kg of air 

= 42500 m f = (1 + m f ) x 1.087(r 3 - Tf) ...(0 


Visit: www.Civildatas.com 














































Visit: www.Civilctafas.com 


870 


INTERNAL COMBUSTION ENGINES 


Now, 



Also, 


7^-7^ r 2 -r t 369.6 - 231 

' r 2 - T i + ,, — ■ 231 ♦ — 0 86 = 392.2 K 


or 

or 


Substituting the value of T,' in eqn. (i), we get 

12500 m f = (1 + m ) * 1.087(963 - 392.2) = 620.46(1 + m,) 
40rnn „ pno _ r 


42500 m f = 620.46 + 620.46 m 


n f 

m F - 


620.46 


Air fuel ratio 


(42500 - 620.46) 
1 


r 


— 0.0148 =s fuel-air ratio 


0.0148 


= 67.56 : 1 


rate ofli^flow^nTt ki!o^f h" ma^Vd T b ° determined from the thrust equation because the 
air now is not known. It may be determined from the expression of jet efficiency. 

Jet efficiency, r\j et =_____ Final kinetic energy in the jet 

Isentropic heat drop in the jet pipe + Carry-over from the turbine 


\ 


Cj / 2 


c p*(T4'~T s )+C 4 ' 2 /2 


(where C 4 ' =195 m/s) 


Ui) 


Since the turbine’s work is to drive the compressor only, therefore. 
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1.005(392.2 - 231) = 1.087(1 + 0.0148)(963 - T 4 ') 
1.005(392.2-231) 


T; = 963 - 


1.087(1 + 0.0148) 


816.13 K 


Let r pt ~ expansion pressure ratio in turbine i.e., r pt = 
r j - expansion pressure ratio in jet tube t.e., r ■ . = 


Pz 

Pi 

Pi 

P5 


El x Ri. f- q 
r. x r . = x = 5.2 
pt PJ P\ P5 


Now, 


Also, 


V 


t,-t 4 


t 3 -t 4 ' 

T\t 


963-816.13 

= 963 --—- = 792.2 K 


0.86 

Y - 1 1.33 - 1 

pA y 1-33 

Pi) l Pi) 

i 

f 963 V-248 


= (r )° 248 
792.2 pt 


(,792.2 


Pi _ 5.2 
r P j ~ p 5 2.197 


Thus, 


= (r p] ) r =(2.366) 133 = L238 


Y-l 


: 2.197 

= 2.366 
1.33 -1 


m T 4 816.13 

Tr - —— = —- = 659.23 K 

6 1.238 1.238 


Substituting the values in eqn. (£), we get 
0.9 


C ^/2 


1.087 x 1000(816.13 - 659.23) + 195 2 / 2 189562.8 

Cj = ^0.9x189562.8x2 = 584.13 m/s 
(i) Overall efficiency, q 0 : 

rrif 


Tlo : 


1 + - 


Cj-c a 


[(1 + 0.0148) x 584.13 - 2151215 


xC 


1000x0.0148x42500 


= 0.1291 or 12.91%. (Ans.) 
(ii) Rate of air consumption, m a : 

Thrust power = Thrust x Velocity of the unit 


750 - 


1 +- 


Cj -C n \m n 


1000 


0 
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750 3 K1 + 0.0148) x 584.13 - 2161 v m 

1000 x = 81-22 m a 

. _ 750 

a ” 81.22 = 9,234 (Ans.) 


(“*> Pow er developed by the turbine, P t s 


p, = K U + 






_ = 9 234(1 + 00148 > * 1087(963 - 816.13)= 1496 kW. (Ans) 

(w) The outlet area of jet tube, Aj, : 


Now, 




T » = t; - 


-C 4 ' 2 


2 xc 


= 816.13 - 


PR 

(584.13 2 ■ 


195 2 ) 


= 676.67 K 


2x1087x1000 

Assume the exit pressure of the gases be equal to atmospheric pressure U , 0.32 bar. 
Density of exhaust gases, p = —_ 0.32 x 10 ^ 




Also, discharge of jet area 


0.29x1000x67^67 = 0,163 m3/k # 

(Assuming R = 0.29 for the gases) 
= A jt * C x p = m a (l + 

i 


m. 


A jt x 584.13 x 0.163 = 9.234(1 + 0.0148) 

A jt = 0.0984 m 2 . 


-jt —• (Ans.) 

{V) S P eclflc fuel consumption in kg per kg of thrust : 

Specific fuel consumption - 00148 x 9.234 x 3600 
^1000 x (750/215) 

= 0.141 kg/thrust-hour. (Ans.) 

21.8.2. Turbo-prop 

»k« pta Sr ,h * “ 1 ”" 0 " ° r «— 

turbine is consumed in running the compressor and the P ° W6> ' develo P ed b y the 

by the nozzle give forward motion to the aircraft The ^ pr0p ® Iler and J et Produced 

(i-e., low specific weight and simolicitv in h • i ^ pr b entails fe he advantages of turbo-jet 

high propulsion efficiency at speeds below 600km7h). Th^over n*' POli,er /br take '°ff and 
improved by providing the diffuser befnr. tv, * era efficiency of the turbo-prop is 

in the diffuser. This “ Sh ° Wn - The P ™ *• takes place 

air (equal to aircraft velocit”^ ° f ^ of the incoming 

known as “ram effect ”, Sy y the diffuser. This type of compression is 


i 
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*-Direction of 

aircraft 



Fig. 21.43. Turbo-prop. 


21.8.3. Ram-jet: 

t ^ am a ^ so called athodyd, Lorin tube or flying stovepipe. Ram jet engines have the 
capability to fly at supersonic speeds. Fig. 21.44 shows a schematic diagram of a ram jet engine 
(compressor and turbine are not necessary as the entire compression depends only on the ram 
compression). 

• The ram jet engine consists of a diffuser (used for compression), combustion chamber 
and nozzle. 

• The air enters the ram jet plant with supersonic speed and is slowed down to sonic 
velocity in the supersonic diffuser , consequently the pressure suddenly increases in 
the supersonic diffuser to the formation of shock wave. The pressure of air is further 
increased in the subsonic diffuser increasing the temperature of the air above the 
ignition temperature. 

• In the combustion chamber, the fuel is injected through injection nozzles. The fuel air 
mixture is then ignited by means of a spark plug and combustion temperatures of the 
order of 2000 K are attained. The expansion of gases towards the diffuser entrance is 
restricted by pressure barrier at the after end of the diffuser and as a result the hot 
gases are constrained to move towards the nozzle and undergo expansion ; the pressure 
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SC21S “■*—*•— >**'»« •-— 

The best performance of ram jet engine is obtained at flight speed of 1700 km/h to 2000 km/h. 
Advantages of ram-jet engine 

The ram-jet engine possesses the following advantages over other types of jet engines * 

1. No moving parts. 

2. Light in weight. 

3. Wide variety of fuels may be used. 

Shortcomings/Limitations 

some llutbTZT be St Z ted ° f itS °r- 11 t0 be ac ^ated to a certain flight velocity by 
jet. 8 d e ' A ram " jet JS alwa y s equipped with a small turbo-jet which starts the ram 

2. The fuel consumption is too large at low and moderate speeds. 

associated'with Wife' ? Perati ° n .’ thedifTuser needs to be designed carefully so that kinetic energy 
ssociated with high entrance velocities is efficiently converted into pressure. 

flame ate required. St6ady C ° mbUSti ° n ’ Certain elaborate devices in form of flame holders or pilot 

21.8.4. Pulse-jet Engine 

a r P cintr! Se ' jet engine I s an intermittent combustion engine and it operates on a cycle similar to 

are based onTaX 6 ' t tUrb °’ Jet 3nd ram jet en ^ nes «e continuous in operation and 

ofLtnfT h B . rayt ° n CyC ' e - A P u l s e-jet engine like an athodyd, develops thrust by a high velocity 
thet ahT baU f f f SeS Wthout the aid of compressor or turbine. Its development isprimarilyduTto 

t0 be seIf starting - Fig - 2145 shows a s “ • IK 

* !t:“ g air iS C °T Pre f? d by ram effect in the diffuser section a " d the grid pas¬ 
sages Which are opened and closed by V-shaped non-return valves. 

into the combustion chamber by fuel injectors (worked from 
1 sntrk nh!v f Tr com P ressed air bottles). The combustion is then initiated by 
13?*, ^ g (onC ® the en ® lne 18 operating normally, the spark is turned off and the 
residual flame in the combustion chamber is used for combustion). 



Fig. 21.45. Pulse-jet engine. 
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: 


• As a result of combustion (of mixture of air and fuel) the temperature and pressure of 
combustion products increase. Because the combustion pressure is higher than the 
ram pressure, the non-return valves get closed and consequently the hot gases flow out 
of the tail pipe with a high velocity and in doing so give a forward thrust to the unit. 

• With the escape of gases to the atmosphere, the static pressure in the chamber falls 
and the high pressure air in the diffuser forces the valves to open and fresh air is 
admitted for combustion during a new cycle. 

Advantages : 

1 • Simple in construction and very inexpensive as compared to turbo-jet engine. Well adapted 
to pilotless aircraft. 

2. Capable of producing static thrust and thrust in excess of drag at much low speeds. 

Shortcomings : 

1. High intensity of noise. 

2. Severe vibrations. 

3. High rate of fuel consumption and low thermodynamic efficiency. 

4. Intermittent combustion as compared to continuous combustion in a turbo-jet engine. 

5. The operating altitude is limited by air density consideration. 

6 . Serious limitation to mechanical valve arrangement. 

21.8.5. Rocket Engines 

Similar to jet propulsion, the thrust required for rocket propulsion is produced by the high 
velocity jet of gases passing through the nozzle. But the main difference is that in case of jet 
propulsion the oxygen required for combustion is taken from the atmosphere and fuel is stored 
whereas for rocket engine, the fuel and oxidiser both are contained in a propelling body and as 
such it can function in vacuum. 

The rockets may be classified as follows : 

1. According to the type of propellents : 

(i) Solid propellent rocket 

( ii) Liquid propellent rocket. 

2. According to the number of motors : 

(i) Single-stage rocket (consists of one rocket motor) 

(ii) Multi-stage rocket (consists of more than one rocket motor). 

Fig. 21.46 shows a simple type single stage liquid propellent (the fuel and the oxidiser are 
commonly known as propellents) rocket. It consists of a fuel tank FT, an oxidiser tank O, two 
pumps P v P 2 , a steam turbine ST and a combustion chamber C.C. The fuel tank contains alcohol 
and oxidiser tank contains liquid oxygen. The fuel and the oxidiser are supplied by the pumps to 
the combustion chamber where the fuel is ignited by electrical means. The pumps are driven with 
the help of a steam turbine. Here the steam is produced by mixing a very concentrated hydrogen- 
peroxide with potassium permanganate. The products of combustion are discharged from the com¬ 
bustion chamber through the nozzle N. So the rocket moves in the opposite direction. In some 
modified form, this type of rocket may be used in missiles. 
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FT - Fuel tank 

HT - Hydrogen peroxide tank 
0 - Oxidiser tank 
ST - Steam turbine 
Pi. P 2 - Pumps 
C.C - Combustion chamber 
HG - Hot gases 
N - Nozzle 


HG 


Fig. 21.46. Rocket. 


21.8.5.1. Requirements of an ideal rocket propellent 

An ideal rocket propellent should have the following characteristics/properties : 

1. High heat value 

2. Reliable smooth ignition 

3. Stability and ease of handling and storing 

4. Low toxicity and corrosiveness 

5. Highest possible density so that it occupies less space. 

21.8.5.2. Applications of rockets 

The fields of application of rockets are as follows : 

1. Long range artillary 
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2. Lethal weapons 

3. Signalling and firework display 

4. Jet assisted take-off 

5. For satellites 

6. For space ships 

7. Research. 

21.8.5.3. Thrust work, propulsive work and propulsive efficiency 

In rocket propulsion, since air is self contained, the entry velocity relative to aircraft is zero. 
Neglecting the friction and other losses, we have the following formulae. 


Thrust work 


Propulsive work 


Rocket propulsive efficiency 


c f« 

Cf a 


(Cj-c a ) 2 c/ + c„- 


CjC a 


(Cj + C a ) / 2 


2 C 


C/+C a 


*f§4 

fa - l C J 


1 + 


...(21.23) 


HIGHLIGHTS 


The gas turbines are mainly divided into two groups: 

(i) Constant pressure combustion gas turbine 

(а) Open cycle constant pressure gas turbine 

(б) Closed cycle constant pressure gas turbine. 

(») Constant volume combustion gas turbine. 

Methods for improvement of thermal efficiency of open cycle gas turbine plant: 

(0 Intercooling ( ii ) Reheating (iii) Regeneration. 

Types of jet propulsion systems : 

(0 Screw propeller (ii) Turbo-jet 

(iii) Turbo-prop (iu) Ram-jet. 

Difference between jet propulsion and rocket propulsion : 

The main difference is that in case of jet propulsion the oxygen required for combustion is taken from the 
atmosphere and fuel is stored whereas foFrObket engine the fuel and oxidiser both are contained in a 
propelling body and as such it can function in vacuum. 

Classification of rockets: 

(i) According to the type of propellents : 

(a) Solid propellent rocket « (6) Liquid propellent rocket. 

(n) According to the number of motors : 

(a) Single-stage rocket (consists of one rocket motor) 

(b) Multi-stage rocket (consists of more than one rocket motor). 


OBJECTIVE TYPE QUESTIONS 

Choose the Correct Answer 

1. Thermal efficiency of a gas turbine plant as compared to Diesel engine plant is 
(a) higher (6) lower 

(c) same ( d ) may be higher or lower. 
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2. Mechanical efficiency of a gas turbine as compared to internal combustion reciprocating engine is 

(a) higher (6) lower 

(c) same ( d ) unpredictable. 

3. For a gas turbine the pressure ratio may be in the range 

(a) 2 to 3 (6) 3 to 5 

(c) 16 to 18 (d) 18 to 22. 

4. The air standard efficiency of closed gas turbine cycle is given by (r = pressure ratio for the compressor and 
turbine) 

T-l 

W)H = (r p ) 7 -1. 

5. The work ratio of closed cycle gas turbine plant depends upon 

(a) pressure ratio of the cycle and specific heat ratio 

( b ) temperature ratio of the cycle and specific heat ratio 

(c) pressure ratio, temperature ratio and specific heat ratio 

( d ) only on pressure ratio. 

6. Thermal efficiency of dosed cycle gas turbine plant increases by 

(a) reheating (6) intercooling 

(c) regenerator ( d ) all of the above. 

7. With the increase in pressure ratio thermal efficiency of a simple gas turbine plant with fixed turbine inlet 
temperature 

(a) decreases (b) increases 

(c) first increases and then decreases (d) first decreases and then increases. 

8. The thermal efficiency of a gas turbine cycle with ideal regenerative heat exchanger is 

(a) equal to work ratio (6) is less than work ratio 

(c) is more than work ratio ( d ) unpredictable. 

9. In a two-stage gas turbine plant reheating after first stage 

(a) decreases thermal efficiency ( b ) increases thermal efficiency 

(c) does not effect thermal efficiency ( d ) none of the above. 

10. In a two-stage gas turbine plant, reheating after first stage 

(a) increases work ratio (6) decreases work ratio 

(c) does not affect work ratio (cD none of the above. 

11. In a two-stage gas turbine plant, with intercooling and reheating 

(а) both work ratio and thermal efficiency improve 

(б) work ratio improves but thermal efficiency decreases 
(c) thermal efficiency improves but work ratio decreases 
id) both work ratio and thermal efficiency decrease. 

12. For a jet-propulsion unit, ideally the compressor work and turbine work are 

(a) equal (6) unequal 

(c) not related to each other (d) unpredictable. 

13. Greater the difference between jet velocity and aeroplane velocity 

(a) greater the propulsive efficiency (6) less the propulsive efficiency 

(c) unaffected is the propulsive efficiency (d) none of the above. 


(a) T) = 1 - 


(c) T) = 1 - — 


( r ,) 7 - 1 

Izl 

1 ) Y 
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Answers 





1 . ( b ) 

2. 

(a) 

a (c) 

4 (c) 

5. (c) 

& 

(d) 

7. 

8. (a) 

9. 

(a) 

10 . (a) 

11 . ( b) 

12 . (a) 

13. 

(6). 



THEORETICAL QUESTIONS 


1. What do you mean by the term ‘gas turbine’ ? How are gas turbines classified ? 

2. State the merits of gas turbines over I.C. engines and steam turbines. Discuss also the demerits over gas 
turbines. 

3. Describe with neat sketches the working of a simple constant pressure open cycle gas turbine. 

4. Discuss briefly the methods employed for improvement of thermal efficiency of open cycle gas turbine 
plant. 

5. Describe with neat diagram a closed cycle gas turbine. State also its merits and demerits. 

6. Explain with a neat sketch the working of a constant volume combustion turbine. 

7. Enumerate the various uses of gas turbines. 

8. Write a short on fuels used for gas turbines. 

9. Explain the working difference between propeller-jet, turbo-jet and turbo-prop. 

10. State the fundamental differences between the jet propulsion and rocket propulsion. 


UNSOLVED EXAMPLES 


In an air standard gas turbine engine, air at a temperature of 15*C and a pressure of 1,01 bar enters the 
compressor, where it is compressed through a pressure ratio of 5. Air enters the turbine at a temperature 
ofsi^C and expands to original pressure of 1.01 bar. Determine the ratio of turbine work to compressor 
work and the thermal efficiency when the engine operates on ideal Brayton cycle. 

Take : y= 1.4,c = 1.005 kJ/kgK. [Ans. 2.393 ; 37.03%] 

In an open cyck constant pressure gas turbine air enters the compressor at 1 bar and 300 K. The P res sure 
of air after the compression is 4 bar. The isentropic efficiencies of compressor and turbine are 78% and 85% 
respectively. The air-fuel ratio is 80:1. Calculate the power developed and thermal efficiency of the cycle 
if the flow rate of air is 2.5 kg/s. 

Takec = 1.005 kJ/kg Kandy = 1.4 for air andc ps = 1.147 kJ/kg Kand Y = 1.33 for gasesJJ = 0.287 kJ/kg K. 
Calorific value of fuel = 42000 kJ/kg. lA” 8 - 20403 kW/k S 01 a,r; 15 ' 54%1 

A gas turbine has a pressure ratio of 6/1 and a maximum cycle temperature of 600°C. The isentropic 
efficiencies of the compressor and turbine are 0.82 and 0.85 respectively. Calculate the power output in 
kilowatts of an electric generator geared to the turbine when the air enters the compressor at lo C a e 
rate of 15 kg/s. ' 

Take : c„ = 1.005 kJ/kg K and y= 1.4 for the compression process, and take c p = 1.11 kJ/kg KkW] 
for the expansion process. 

Calculate the thermal efficiency and the work ratio of the plant in example 3 (above), as;suming thatc or 
the combustion process is 1.11 kJ/kg K. [Ans ' 15 ’ 8% • °- 206] 

The gas turbine has an overall pressure ratio of 5 : 1 and a maximum cycle temperature of 550 C The 
turbine drives the compressor and an electric generator, the mechanical efficiency of the drive being 97% 
The ambient temperature is 20°C and the isentropic efficiencies for the compressor and turbine are 0.8 and 
0.83 respectively. Calculate the power output in kilowatts for an air flow of 15 kg/s. Calculate also the 
thermal efficiency and the work ratio. 

Neglect changes is kinetic energy, and the loss of pressure in combustion chamber. 
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1 SSSSS r -3=a 
SSMsssaBSttSSS 

Lor the compression process takec, = 1.005 kj/kg K andy = 1.4 
For the combustion process and expansion process, take 
c p - 1.15 kJ/kg Kandy * 1.333 

7 f n e f Ct the mass of ^ eL [Ans. 1.65 bar, 393 a C; 74.5 kW; 0.201; 19 1%] 

7. a gas turbine plant, an- ,s compressed through a pressure ratio of 6:1 from 15*C. It is then heated to the 

"ZTrlTt^ temP rr tUre ° f 76 °" C aBd 6Xpanded “ tW0 ^ each of expansion ratio VS. the 

The isentropic efficiencies of the compressor and turbine are 0.8 and 0.85 respectively, 
a . Jt t f11 . , (Ans. (i) 32.75% (ii) 0.3852 (iii) 152 kj/kg] 

ciency = 99%, combustion efficiency = 98% mass flow - 22 7 w« Z ’ me ^ amc J l, ra “ mission effi- 
effectiveness = 75%, maximum cycle tempe'ratare = 1000 K P e ratio = 6:1, heat exchanger 

The ambient air temperature and pressure are 15”C and 1.013 bar respectively. Calculate: 

.... ene p°'™ r output (if) Specific fuel consumption 

{iii) Thermal efficiency of the cycle. 

Calculate the efficiency of the plant 

n T«n„eet f . (Ans. 1.57 bar; 14.9% ■ 4560 kWl 

tsssss: 

supplied to H P turbine is 750”C The ease 6 r 8 ^ bom turbine. The temperature of gases 
700°C before exDandine in L P . *“ H R turbine to 3 25 bar and are then reheated to 

of compression in both stages is 0 80 and isenh-o °- P r ^ sure in theater is 0.1 bar. If isentropic efficiency 
(i) Overall efficiency (ii) Work ratio (iii) &W of ex P ansion in turbine is 0.85, calculate: 
the mass of fuel. * M fl rate when the B as P°wer generated is 6500 kW. Neglect 

Take. for air :c p = 1.005 kj/kg K,y= 1.4 

12 . Inagaftwbinlin t n'p 1 ’ 15 - kJ/k fu' Y " 1 ' 3 ’ 'A™- >' 1 6.i7% (ii) 0.2215 (iii) 69.33 kg of air/sec.] 

passed through intercootowCTts^ after compression it is 

■n H.P. unit and then passed in the combustion chamber where ftstenqjMntrtureH^increased to677*cfby 
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burning the fuel. The combustion products expand in H.P. turbine which runs the compressor and further 
expansion is continued in the L.P. turbine which runs the alternator. The gases coming out from L.P. 
turbine are used for heating the incoming air from H.P. compressor and then exhausted to atmosphere. 
Taking the following data determine : (i) power output (ii) specific fuel consumption (iii) Thermal 
efficiency: 

Pressure ratio of each compressor = 2, isentropic efficiency of each compressor stage = 85%, isentropic 
efficiency of each turbine stage = 85%, effectiveness of heat exchanger = 0.75, air flow = 15 kg/sec., calorific 
value of fuel = 45000 kJ/kg, c (for gas) = 1 kJ/kg K, c p (for gas) = 1.15 kJ/kg K, y (for air) = 1.4, y (for gas) 
= 1.33. > 

Neglect the mechanical, pressure and heat losses of the system and fuel mass also. 

[Ans. (i) 1849.2 kW (ii) 0.241 kg/kWh (iii) 33.17%) 

13. A turbo-jet engine flying at a speed of 960 km/h consumes air at the rate of 54.5 kg/s. Calculate : (i) Exit 
velocity of jet when the enthalpy change for the nozzle is 200 kJ/kg and velocity co-efficient is 0.97, (ii) fuel 
flow rate in kg/s when air-fuel ratio is 75 :1 (iii) Thrust specific fuel consumption (in) Thermal efficiency 
of the plant when the combustion efficiency is 93% and calorific value of the fuel is 45000 kJ/kg, 
( v ) Propulsive power (vi) Propulsive efficiency (vii) Overall efficiency. 

[Ans. (i) 613.5 m/s (ii) 0.7267 kg/s (iii) 4.3 x 10~ 5 kg/N of thrust/s ( iv) 25.44%. 

(u)8318 kW, (vi) 60.6%, (vii) 16.58%] 

14. A turbo-jet has a speed of 750 km/h while flying at an altitude of 10000 m. The propulsive efficiency of the 
jet is 50% and overall efficiency of the turbine plant is 16%. The density of air at 10000 m altitude is 0.173 kg/nP. 
The drag on the plant is 6250 N. The calorific value of the fuel is 48000 kJ/kg. Calculate : (i) Absolute 
velocity of the jet (ii) Volume of air compressed per minute (iii) Diameter of the jet (in) Power output of the 
unit in kW (n) Air-fuel ratio. [Ans. (i) 417.3 m/s (ii) 5194 mVmin (iii) 415 mm (iv) 2500 kW (u) 46.01) 
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Short Answer Questions 


INTRODUCTION TO INTERNAL COMBUSTION ENGINES 
Q. 22.1. What is a heat engine ? 

or an V Any type °! engine ° r machine which derives heat energy from the combustion of fuel 

any other source and converts this energy into mechanical energy is termed as a “heat engine". 

Q. 22.2. What is an External Combustion (E.C.) engine ? Give examples. 

“e*ternl%;£j£% D i^ Ch C ° mbUSti ° n *** ^ the Cylinder is ^ aa 

Examples : 

— Steam engine (In this case heat of combustion is employed to generate steam which is 
used to move a piston in cylinder). 

— Steam turbine. 

— Hot air engines. 

— Closed cycle gas turbine. 

Q. 22.3. What is an Internal Combustion (I.C.) engine ? 

the y hlch i combustion of fuel with oxygen of air occurs within the cylinder of 

the engine is called an internal combustion engine\ 

Q. 22.4. Who invented the first fairly practical engine and when ? 

scene o6 oui IsSo!^ ^ PraCtical engine was lnvented by J.J.E. Lenoir which appeared on the 

Q. 22.5. What are the advantages of a Stirling engine ? 

Ans. Low exhaust emission and multi-fuel capability. 

Q. 22.6. Where are two-stroke petrol engines employed ? 

are "* emP '° yed wheres ^^ aa d thelow cost of the prime mover 

Q. 22.7. Wha4 are the fields of application of a two-stroke petrol engine ? 

s. Mopeds, scooters, motor cycles ; small electric generating sets, pumping sets, etc. 

Q. 22.8. Where are two-stroke diesel engines used ? 

generally havpir^!! 163 having very high power are usually employed for ship propulsion and 
generally have bores above 60 cm, uniflow with exhaust values or loop scavenged 
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Q. 22.9. Give an example of a two-stroke diesel engine. 

Ans. Nordberg- 2 stroke, 12-cylinders, 80 cm bore and 155 cm stroke, develops 20000 kW at 
120 r.p.m. 

Q. 22.10. What is "mechanical efficiency” ? 

Ans. The ratio of shaft energy to the energy available at the piston is called machanical 
efficiency. 

Q. 22.11. What is the function and material of an engine cylinder ? 

Ans. The cylinder contains gas under pressure and guides the piston. It is made of hard 
grade cast, iron and is usually cast in one piece. 

Q. 22.12. What are inlet and exhaust manifolds ? 

Ans. The system of pipes which connects the inlet ports of the various cylinders to a com¬ 
mon intake pipe for the engine is called the inlet manifold. If the exhaust parts are similarly 
connected to a common exhaust system, this system of piping is called exhaust manifold. 

Q. 22.13. What is the function of a piston ? Of which material(s) it is made of ? 

Ans : 

• A piston is fitted to each cylinder as a face to'receive gas pressure and transmit the 
thrust to the connecting rod. 

• Pistons are made of cast iron or aluminium alloy for lightness. 

Q. 22.14. What is the function of a “spark plug” ? 

Ans. The main function of a spark-plug is to conduct the high potential from the ignition 
system into the combustion chamber. It provides the proper gap across which spark is produced by 
applying high voltage, to ignite the combustion chamber. 

Q. 22.15. What is the function of a “simple carburettor” ? 

Ans. The function of a carburettor is to atomise and meter the liquid fuel and mix it with the 
air as it enters the induction system of the engine, maintaining under all conditions of operation 
fuel-air proportions appropriate to these conditions. 

Q. 22.16. What is the function of a “flywheel” ? 

Ans. The function of a flywheel is to store the available mechanical energy when it is in 
excess of the load requirement and to part with the same when the available energy is less than 
that required by the load. 

Q. 22.17. What is a “governor” ? 

Ans : 

• A governor may be defined as a device for regulating automatically output of a machine 
by regulating the supply of working fluid. 

• Its function is to control the fluctuations of engine speed due to changes of load. 

Q. 22.18. Differentiate among square, under square and over square engines. 

Ans : 

• An engine with L - D is often called a square engine. 

• If L > D the engine is under square. 

• If L< D the engine is over square. 

where L and D stand for stroke and bore of the engine. 
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internal combustion engines 

Q. 22.19. What is “swept volume” ? 

tom deadfcentre % ^tonduj^nr t<>P dead Centre and bot ‘ 

Thus, When the piston is at B.D.C. (Bottom dead centre) • 

Total volume = Swept volume + clearance volume. 

Q. 22^0. What is “compression ratio” ? Explain briefly 

"*■ w '• “>• -w— 

Mathematically, r = ^ + ^ 

where, y = swept volume, and V c = clearance volume 

• The compression ratio varies from 5 • 1 to 11 • w. 

engines and from 12 :1 to 24 : 1 (average talue 15 • ltol?. 1 *°. 9 : X) in SL 

• Modern S.I. engines have cm• . to 18 . 1) m C.J. engines. 

sion ratios in the range of 12 to 2^ En^neTwUh m f’ "h^ CJ ‘ engines have compres- 
have lower compression ratios than nafurallJaspfratedtnTes" 

Q. 22.21. What is “piston speed” ? 

L and N are the sfroTeTen^^ s P eed - 2 LN, where 

Q. 22.22. What is a “smart engine” ? 

teristics suihasTrlX^ «f regulate operating charac 

«■tta. Wh,i w by Z“ ‘ n, "“ ~ 

Ans : 

4 ^-24. What is an ‘Indicator diagram’ ? 

Ans. An indicator diagram" is a irrann k . 

taken on vertical axis and the latter on the V ° 1Ume ’ the former b ^S 

• Tins is obtained by an instrument known as indicator 


ate ? 


Ans : 

S.I. engines . Otto cycle 

C l engineS . Diesel Wcle-Fo r slow speed engines 

Dual cycle For high speed engines 


Ans. Engines 

lour-stroke cycle engines 

Two-stroke petrol engines: 
Two-stroke diesel engine : 


Application s 

nlfnt bUS6S ’ trUCks ’ tractors . industrial engines aero- 
planes, power generators, etc ’ 

sssr™- m “" .I. 

Used m very large sizes more than 60 cm born ihr h 
propulsion because of low weight 
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AIR STANDARD CYCLES 

Q. 22.27. What is a “cycle” ? 

Ans. A “cycle” is defined as a repeated series of operations occurring in a certain order. In 
ideal cycle all accidental heat losses are prevented and the working substance is assumed to be¬ 
have like a perfect working substance. 

Q. 22.28. What is an “Air standard efficiency” ? )■ 

Ans. The efficiency of engine using air as the working medium is known as an “Air standard 
efficiency " This efficiency is oftenly called ideal efficiency . 

Q. 22.29. What is “Relative efficiency” ? 

Ans. The ratio of actual thermal efficiency to air standard efficiency is termed as “ Relative 
efficiency”. 

Q. 22.30. Which cycle has the highest possible efficiency ? 

Ans : 

• Carnot cycle has the highest possible efficiency. It consists of four simple operations 
namely : Isothermal expansion, Adiabatic expansion, Isothermal compression and Adi¬ 
abatic compression. 


T — T 

• Efficiency of cycle = — ^ 2 , where T t and T 2 are temperatures (in K) of source and the 
sink respectively. 

Q. 22.31. What is the expression for air standard efficiency of Otto cycle ? 


Ans - Potto = 1 - 


(rr 1 


where, r is the compression ratio and yis the ratio of c andc 1 1 e y = — 

P “l c * 

Q. 22.32. What is the sequence of operations of an air standard Otto cycle ? 

Ans. Adiabatic compression (of air); Heat addition at constant volume ; 

Adiabatic expansion ; Heat rejection at constant volume. 

Q. 22.33. The efficiency of an Otto cycle is 60% and y = 1.5. What is the compression 
ratio ? 


Ans. rt = i - —or, 0.6 = 1 - . or r * 6.25. 

(r) Y (r) 1 ’ 5 1 

Q. 22.34. What is the sequence of operations of a air standard Diesel cycle ? 

Ans. Adiabatic compression (of air); Heat addition a constant pressure ; Adiabatic expan¬ 
sion ; Heat rejection at constant volume. 

Q. 22.35. What is the expression of air standard efficiency of a Diesel cycle ? 


Ans. 


^ diesel 1 ' 


1 

Y(r) Y_1 


P y ~l 

P-1 


where p is the cut-off ratio (It is the ratio of volume at cut-off and clearance volume). 
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cycle ? Q ' 22 ’ 36 ' Wh3t iS thG se< J uence of operations in an air standard dual combustion 

Ans. For a given compression ratio, 

^otto ^ ^duaj ^ fi diesel' 

standard «®«>encies of com P ar e «»« «*«• 

Ans. For the same compression ratio and the same heat input, 

oo ikT 'U. ^ ^dual ^ ^diesel* 

Q. 22 39. Name the four operations used in an Atkinson cycle. 

Ans. Two adiabatics, a constant volume and a constant pressure operations 
Q- 22.40. Name the four operations used in an Ericssion cycle, 
constant p^essurfrdfn h isle™rexp^io^^ isothermal compression, addition of heat at 
Q. 22.41. What is a Brayton cycle ? 

An idea^a's^urbine ^^''''''cchdpm'formThe fn-ocesses^hat^nake^fp a^Braybm C ^de.^ OU ^ e C ^ e 

Miller cySf?' "* ^ ‘ yPiCal Val “ eS of ““P^i«" ratio and expansion ratio of a 
Ans. Compression ratio is about 8 : 1, and expansion ratio is about 10 : 1 


FUEL-AIR AND ACTUAL CYCLES 

An^Th d ° y ,° U understand b -V ‘fuel-air cycle approximation’ ? 

‘Fuel-air cycle approx^matfon'^t nrovide °“ P ™ perties ° f the c y ]inder gases is called the 

y approximation, it provides rough idea for comparison with the actual performance. 

calculations ? Wha * faCt ° rS are taken into considerations while making the fuel-air cycle 
Ans : 

1. The actual composition of cylinder gases. 

2. Increase of specific heats of gases with temperature increase 

3. Presence of gases such as C0 2 , H, and 0 2 at equilibrium condition. 

IriZlTZ' I" binder .. .b. t .„p.r.,„r. end 

Q. 22.45. What is ‘dissociation’ ? 

Ans : 

; SE™- - 

the beginning“hhestrokJtWs causes S^pTwerlTSenc? **" PreSSUreS 
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Q. 22.46. In which type of mixture dissociation is more severe ? 

Ans. Chemically correct mixture. If the mixture is weaker, it gives temperatures lower than 
those required for dissociation to take place while if it is richer, during combustion it will give out 
CO and 0 2 both of which suppress the dissociation of C0 2 . 

Q. 22.47. In which of the engines (S.I., C.I. engines) the dissociation has a more 
pronounced effect ? 

Ans. The dissociation has a more pronounced effect in S I. engines. In C.I. engines, the 
heterogeneous mixture of air and fuel tend to lower the temperature and hence the dissociation. 

Q. 22.48. What is use of ‘Chart for unburned mixture’ ? 

Ans. The chart for unburned mixture is employed for calculation of pressure, temperature, 
and energy of the cylinder contents before burning takes place. 

Q. 22.49. Name the methods by which the problems involving variable specific 
heats can be solved. 

Ans. The problems involving variable specific heats can be solved by the following methods : 

(0 By integration of specific heat equation. 

(ii) By enthalpy-entropy charts. 

{Hi) By gas tables. 

Q. 22.50. How is the ^burning time loss’ defined ? 

Ans. The burning time loss or simply the time loss is defined as the loss of power due to time 
required for mixing the fuel with air and for complete combustion. 

Q. 22.51. What are the factors on which the time required to complete the burning 
process in an actual cycle depend ? 

Ans : 

(i) Fuel-air ratio. 

{ii) Fuel chemical structure and its ignition temperature. 

{iii) The flame velocity and distance from the ignition point to the opposite side of the com¬ 
bustion chamber. 

Q. 22.52. State whether flame speed in a rich mixture is low or high ; what is its 
effect on the efficiency ? j 

Ans. The flame speed in rich mixture is low and causes burning time loss leading to lower - i 

ing of efficiency. 

Q. 22.53. What is ‘pumping loss’ ? 

Ans. The pumping loss is due to pumping gas from low pressure to higher exhaust pressure. | 

It increases at part throttle because throttling causes reduction in suction pressure. It increases 
with increase in speed. 

Q. 22.54. How is piston friction affected by changes in engine speed and mean j 

effective pressure ? 

Ans. The piston friction increases rapidly with engine speed and to small extent by increase 
in mean effective pressure. 

Q. 22.55. How does engine efficiency vary with the load ? j. 

Ans. The engine efficiency is maximum at full load and reduces with the decrease in load. It 
is due to the fact that direct heat loss, pumping loss and rubbing friction loss increase at lower 
loads. 
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COMBUSTION IN S.I. ENGINES 

Q. 22.56. Define the term ‘combustion’. 

Ans. Combustion may be defined as a relatively rapid chemical combination of hydrogen 
and carbon in the fuel with the oxygen in the air, resulting in liberation of energy in the form of 
heat. 

Q. 22.57. State the conditions which are necessary for combustion to take place. 

Ans. The following conditions are necessary for combustion to take place : 

(i) A combustible mixture. 

(ii) Some means to initiate combustion. 

(iii) Stabilization and propagation of flame in the combustion chamber. 

Q. 22.58. List the factors which affect normal combustions in S.I. engines. 

Ans. Induction pressure ; Engine speed ; Ignition timing; Mixture strength ; Compression 
ratio ; Combustion chamber ; Fuel choice. 

Q. 22.59. What are the two combustion abnormalities in S.I. engines ? 

Ans. 

(/) Pre or post ignition ; 

(ii) Knock. 

Q. 22.60. What are the factors on which duration of ignition lag depends ? 

Ans. Fuel ; Mixture ratio ; Initial temperature and pressure ; Turbulence. 

Q. 22.61. What are the factors which affect the ignition timings ? 

Ans. Engine speed ; Mixture strength ; Part-load operation ; Type of fuel. 

Q. 22.62. What is ‘Pre-ignition’ ? 

Ans. Pre-ignition is the ignition of homogeneous mixture in the cylinder, before the timed 
ignition spark occurs, caused by the local overheating of the combustible mixture. 

Q. 22.63. How is pre-ignition initiated ? 

Ans. Pre-ignition is initiated by some overheated projecting part such as the sparking plug 
electrodes, exhaust valve head, metal corners in the combustion chamber, carbon deposits or 
protruding cylinder head gasket rim, etc. 

However, pre-ignition is also caused by persistent detonating pressure shock waves . 

Q. 22.64. What is the effect of pre-ignition on detonation in S.I. engines ? 

Ans. Pre-ignition increases the tendency of detonation in the engines. 

Q. 22.65. Define the term ‘Detonation’. 

Ans. A very sudden rise of pressure during combustion accompanied by metallic hammer 
like sound is called detonation. 

Q. 22.66. What do you understand by ‘Detonation zone’ ? 

Ans. The region in which detonation occurs is farthest removed from the sparking plug and 
is named the ‘detonation zone* and even with severe detonation this zone is rarely more than one 
quarter the clearance volume. 

Q. 22.67. What minimum percentage of total mixture charge will be sufficient to ! 
produce a violent knock ? 

I 

i 

j 
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Ans. As little as 5 per cent of the total mixture charge when spontaneously ignited will be 
sufficient to produce a very violent knock. 

Q. 22.68. Name the two general theories of knocking/detonation. 

Ans : 

(i) The auto-ignition theory; 

(ii) The detonation theory. 

Q. 22.69. What is ‘auto-ignition theory’ ? 

Ans. Auto-ignition refers to initiation of combustion without the necessity of a flame. The 
auto-ignition theory of knock assumes that the flame velocity is normal before the on-set of auto¬ 
ignition and that gas vibrations are created by a number of end-gas elements auto-igniting almost 
simultaneously. 

Q. 22.70. What is ‘detonation theory’ ? 

Ans. In this theory a true detonating wave formed by preflame reactions has been proposed 
as a machanism for explosive auto-ignition. Such a shock wave would travel through the chamber 
at about twice the sonic velocity and would compress the gases to pressures and temperatures 
where the reaction should be practically instantaneous. 

Q. 22.71. What are the effects of detonation ? 

Ans. Noise and roughness ; Mechanical damage ; Carbon deposits ; Increase in heat transfer ; 
Decrease in power output and efficiency ; Pre-ignition. 

Q. 22.72. What are the methods by which detonation can be controlled ? 

Ans. (i) Increasing engine r.p.m. ; (it) Retarding spark ; (iii) Reducing pressure in the inlet 
manifold by throttling ; (to) Making the ratio too lean or too rich, preferably latter ; (o) Water 
injection ; ( vi ) Use of high octane fuel. 

Q, 22.73. What are the factors which affect detonation ? 

Ans. (t) Fuel choice ; (ii) Induction pressure ; (iii) Engine speed ; ( iv ) Ignition timing ; 
(v) Mixture strength ; (vi) Compression ratio ; (vii) Combustible chamber design ; (viii) Cylinder 
cooling. 

Q. 22.74. What is a ‘Performance Number (PN)’ ? 

Ans. Performance Number (PN) = of tort fiiei 

klimep of iso-octane 

where, klimep stands for knock limited indicated mean effective pressure. 

Q. 22.75. What is ‘Highest Useful Compression Ratio (HUCR)’ ? 

Ans. The highest useful compression ratio is the highest compression ratio employed at 
which a fuel can be used in a specified engine under specified set of operating conditions, at which 
detonation first becomes audible with both the ignition and mixture strength adjusted to give the 
highest efficiency. 

Q. 22.76. What is ‘swirl’ ? 

Ans. Swirl is the rotational flow of charge within the cylinder about its axis. 

Q. 22.77. How is swirl generated ? 

Ans. Swirl is generated by constructing the intake system to give a tangential component to 
the intake flow as it enters the cylinder. This is done by shaping and contouring the intake mani¬ 
fold, valve ports and even the piston face. 
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Q. 22.78. What is the function of ‘swirl’ ? 

very ,h«‘ita '.IS!’’ T*to |jiv, , ho„ogo„.oo, mature in the 

Q. 22.79. How are induction ports classified ? 

Ans. 

W Direct straight port; (ii) Defle ctor wall port; 

G») Marked valve port; ( iv ) HeIica , port 

Q. 22.80. What is ‘swirl ratio’ ? 

Ans. Swirl ratio is the ratio of air ratational speed to crankshaft rotational speed. 

Q. 22.81. What is the range of ‘stroke-to-bore’ ratio for various engines ? 

Ans. 

• For various engines the stroke-to-bore (L : D) ratio can range from 0.6 : 1 to 1.4 : 1. 
When L -D, the L \ D ratio is said to be square ; 

— When L < D, the L : D ratio is said to be over square; 

When L > D, the L : D ratio is said to be under square. 

• -Over square” engines are more suitable for saloon car petrol engines, whereas 

undersquare engines are better utilized for large diesel engines. 


COMBUSTION IN C.I. ENGINES 

Q. 22 82. For which reasons a C.I. engine is not much favoured in passenger cars ? 
Ans. (0 Heavier weight; (ii) Noise and vibration ; (Hi) Smoke ; (iv) Odour. 

Q. 22.83. What are the various phases of combustion in a C.I. engine ? 

control^ S combust^n a ;S) a Xr°bu™S g Peri0d * ° r UnC ° ntr ° IIed ^bastion; (Hi) Period of 

Q. 22.84. What do you understand by ‘Period of physical delay’ ? 

Ans. The period of physical delay is the time between the beginning of injection and the 

D -» - —■ •- «- -—£ £ 

Q. 22.85. List the factors which affect combustion in C.I. engines. 

angle ■ qUaUtyoffael Injection pressure of droplet size ; (Hi) Injection advance 

pressure . ra . tl ° Intake temperature ; (vi) Jacket water temperature; (vii) Intake 

ure, supercharging ; ( vm) Engine speed ; (be) Engine size ; (*) Type of combustion chamber. 

Q. 22.86. How much excess air (percent) is used in most C.I. engines, and why ? 

anffi - , Most C l engines operate with at least 20% excess air due to difficulty of introducing 

process hf* V ?° Ur th ® giV6n time available s ° that the combustion 

, bc ' com pleted before the exhaust valve opens. If the oxygen supply is partially ore- 

tion polluted exZustl efUd dT U ^ *"? "T** duHng the P°^r stroke then incomplete combus-' 
, polluted exhaust gas and dark smoke will result. 

Q. 22.87. What should be the duration of the delay period in a C.I. engine 9 

<*« ™“ ■ io “‘ *— 
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Q. 22.88. What do you mean by ‘Diesel knock’ ? 

Ans. Diesel knock is the sound produced by the very rapid rate of pressure rise during the 
early part of the uncontrolled second phase of combustion. The primary cause of an excessively 
high pressure rise is the prolonged delay period. 

Q. 22.89. How can the ‘diesel knock’ be controlled ? 

Ans. The diesel knock can be controlled by reducing the delay period. The delay is reduced 
by the following : 

(i) High charge temperature ; (ii) High fuel temperature ; 

(iu) Good turbulence ; (iv) A fuel with a short induction period. 

Q. 22.90. Name the various types of ‘swirls’ generated in the C.I. engines combus¬ 
tion chambers ? 

Ans. (/) Induction swirl; (ii) Compression swirl; (iii) Combustion induced swirl. 

Q. 22.91. List the four specific design of combustion chambers used in C.I. engines. 
Ans. A. The non-turbulent type : 

(i) Open or direct combustion chamber. 

B. The turbulent type : 

(i) Turbulent chamber; 

(ii) Pre-combustion chamber; 

(iii) Energy cell. 

Q. 22.92. Name the modern starting aids of high speed engines. 

Ans. 

(i) Electric glow plugs (in the combustion chamber); 

(ii) Manifold beaters (which ignite a small feed of fuel); 

(iii) Injection of ether. 


AIR CAPACITY OF FOUR STROKE ENGINES 


Q. 22.93. What is air capacity (actual) ? 

Ans. Air capacity (actual) is defined as the mass flow of fresh air through the engine per unit 

time. 

Q. 22.94. What is an ‘ideal air capacity’ ? 

Ans. The ideal air capacity corresponds to filling the displaced volume (i.e. } piston swept 
volume) with fresh mixture at inlet conditions. 

Q. 22.95. Define the term ‘volumetric efficiency’ of an engine. 

Ans. The volumetric efficiency of an engine is defined as the ratio of actual air capacity to 
the ideal air capacity. This is equal to the ratio of mass of air which enters or is forced into the 
cylinder in suction stroke to the mass of free air equivalent to the piston displacement at intake 
temperature and pressure conditions. 

— Power output of an engine is proportional to volumetric efficiency provided the combus¬ 
tion is complete. 

Q. 22.96. List the various factors which affect the volumetric efficiency. 

Ans. (£) Fuel; (ii) Heat transfer-high temperature ; (iii) Valve overlap ; (iv) Fluid friction 
losses; (v) Choked flow; (ui) Intake valve closure after B.D.C. ; (vii) Exhaust residual; (viii) Exhaust 
gas recycle (EGR); (ix) Piston speed and engine size ; (x) Design of inlet and exhaust systems. 
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TWO STROKE ENGINES 


stroke^ngi'nIs? ,hat * COmm0n disadvanta B e for «U the petrol as well as diesel two- 

nowpr 5? S i The C0 T° n f?*™*** greater cooling and lubrication requirements due to one 
power stroke in each revolution of crankshaft. 

engines suffer"?^* a ^ 316 ^ tW ° disadva ”tages from which the two-stroke S.I. 

Ans : 

(0 Loss of fuel; (it) Idling difficulty. 

sion ? Q ' 22 '"’ Wh3t ^ thC reaS ° nS f ° r USC oftwo ' stroke C.I. engines for marine propul- 
Ans : 

(i) More uniform torque, the ideal requirement for the propeller. 

(«) More cooling is required in two-stroke engines, plenty of sea water is available for cool- 
(iii) C.I. engines have higher thermal efficiency. 

Uv) Propel * er im P°f s the condition that maximum power must be developed at about 100 
r.p.m Two-stroke engines may be made of slow speed, and with large displacement vol¬ 
ume (over 60 cm bore) and of capacity 5000 kW and above. These slow speed engines can 
be coupled directly to the propeller of the ship, without the necessity of gear reduction. 

propulsion^? 1 " WhiCH ^ ^ tWO ' 8troke C I ’ en S ine ** ™ a inly used for marine 

sion. ^ TW ° Str0ke C I ° PP ° Sed 6ngine { coss-head type) is mainly used for marine propul- 

two-wheelei- 91 St3te *** reaSO " 8 f ° r U8e ° f ^"-stroke S.I. engines for low horse power 

inlet a , A H nS ' h” S !' eng / neS the Charge C ,° nSiStS 0f a mixture of air and fuel - During scavenging, both 
panel ?°T ° P ? n SIn ) ultane «usly for sometime. Some part of the fresh charge es¬ 

capes with exhaust which results in higher fuel consumption and lower thermal efficiency 

• For small two-wheeler engines the fuel economy is not a vital factor. Kerelight weight and 
initial cost are the mam considerations, which are the main characteristics of two-stroke 
o.I. engines. 

Q. 22.102. What do you understand by “Scavenging process” ? 

n popp„ An n, The Pr ° CeSS ° fclearlng l he cylinder after the mansion stroke is called ■ scavenging 
process . The scavenging process is the replacement of combustion products in the cylinder from 
the previous stroke with fresh air charge to be burned in the next cycle. 

Q. 22.103. What are the four distinct stages of scavenging process ? 

Ans. 

(t) Pre-blowdown ; («) Blowdown ; 

(Ui) Scavenging; (iy) Additional charging. 

Q. 22.104. Name the three theoretical scavenging processes. 

Ans : 

(0 Perfect scavenging ; 

( H ) Perfect mixing ; 

(Hi) Short circuiting. 
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Q. 22.105. What is a ‘short circuiting scavenging process’ ? 

Ans. In this process, the fresh charge coming from the scavenge manifold goes out of ex¬ 
haust ports without removing combustion products/gases. It results in a dead loss and its occur- 
rence must be checked/avoided. 

Q. 22.106. Why more air input is required in a two stroke cycle engine than in four 
stroke cycle engine, for the same power generation ? 

Ans. Because some of the air is lost in the overlap period of the scavenging process. 

Q. 22.107. What is “pressure loss coefficient” ? 

Ans. Pressure loss coefficient is defined as the ratio between the main upstream and down¬ 
stream pressures during the scavenging period and represents the pressure loss to which the scav¬ 
enge air is subjected when it crosses the cylinder. 

Q. 22.108. Name different scavenging systems/arrangements based on charge flow. 

Ans : 

(i) Uniflow scavenging ; (w) Loop or reverse scavenging ; 

(iii) Cross scavenging. 

Q. 22.109. What is crankcase scavenging ? 

Ans. This type of scavenging is employed in the simplest type of two stroke engine. 

In this engine, the charge (fuel-air mixture in S.I. engine and air in C.I. engine) is com¬ 
pressed in the crankcase by the underside of the piston during the expansion stroke. There are 
three ports m this engine-intake port at the crankcase, transfer port and the exhaust port. The 
compressed charge passes through the transfer port into the engine cylinder flushing the products 
ot combustion. This process is called scavenging, and this type of engine in called crankcase scav¬ 
enged engine. 

Q. 22.110. What are the demerits of crankcase scavenging ? 

Ans : 

(i) This system is very uneconomical and inefficient in operation. 

hi) Due to mixing of oil vapours from the crankcase with the scavenging air, oil consumption 
is increased. 

Q. 22.111. Name the various types of scavenging pumps and blowers used in two- 
stroke engines. 

Ans. (i) Piston type pump ; ( ii ) Roots blower ; (iii) Centrifugal blower. 


CHEMICAL THERMODYNAMICS AND FUELS 
Q. 22.112. What is ‘Stoichiometric mixture’ ? 

Ans- Stoichiometric (or chemically correct) mixture of air and fuel is one that contains just 
sufficient oxygen for complete combustion of the fuel. 

A weak mixture is one which has an excess of air. 

A rich mixture is one which has a deficiency of air. 

Q. 22.113. What is ‘Enthalpy of formation’ ? 

Ans. The enthalpy of formation is the increase in enthalpy when a compound is formed from 
its constituent elements in their material form and in a standard state. 
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Q. 22.114. Name the major fuel used for S.X. engines. 

aromatics*' GaS ° Une (a mixture ofvarious hydrocarbons such as paraffins, olefins, napthenes, and 

Q. 22.115. What is ‘Octane Number (ON) ? 

octane ™ WhiCh dGSCribeS h ° W fuel wi " 0r wi " not - called the 

number. 22AW ' Name the two standard reference fuels used for determining octane 
Ans. Iso-octane (C 8 H lg ), and Normal heptane (C 7 H 16 ). 

Q. 22.117. How is ‘diesel knock’ related to the cetane rating of the fuel ? 

Ans. Higher the cetane rating of the fuel lesser is the propensity for diesel knock. 

Q. 22.118. What is an ideal composition of CNG (Compressed Natural Gas) ? 

1 7% (max') r ha ;r;® ( r™" m) 1 Ethane content = 4% < max > ; Propane content = 
„ ( ( x,) >' C 4 and higher « 0.7% (max.); C 6 and higher = 0.2% (max ); (C0 o + N ) = 0 2% (mu* V 

Hydrogen = 0 . 1 % (max.); CO = 0.1% (max.) ; 6 0 2 = 0.5% (max.); Sulphur = l(k ££ (lx ) 


FUEL/AIR MIXTURE REQUIREMENTS 
Q. 22.119. What do you mean by ‘Steady running’ ? 

output^ lltne« S ures ned " ™ an C ° ntinU ° US ° Perati ° n 3 ‘ 3 reqUired Speed and P ° WUI ' 
Q. 22.120. What does “Transient operation’ include ? 

. . . ^‘Transient operation ’ includes starting, warming up, and changing from one speed or 

and also idling.' ^^ during —Nation and dec^eTaUons, 

Q. 22.121. Does best economy F/A ratio depend on speed ? 

Ans. No. The best economy F/A ratio is independent of speed; 

Q. 22.122. What is ‘idling’ 7 

Ans. The no-load running mode of engine is called idling. 

Q. 22.123. Does the richening of mixture improve combustion ? 

Darticl^an Jth ThC richening °^ mixture increases the probability of contact between fuel and air 
particles and thus improves combustion. 

Q. 22.124. What is ‘Maximum power range’ ? 

Ans. The maximum power range lies between 75% to 100% rated powdr. 

Q. 22.125. What is the mixture requirement for maximum power ? 

F/A ~ on *' The mixtli *' e re< l uire nient for maximum power is a rich mixture of A JF about 14 : 1 or 

Q. 22.126. Why A/F ratios are lower in the multi-cylinder engines ? 

Ans. To overcome maldistribution of air-fuel mixture in different cylinders. 

Q. 22.127. What are ‘Transient conditions’ ? 

0 raB S u^tJ^hT le ‘ lt , C0n f < ‘ On t a '“ those conditi °i>s which, speed, load, temperatures or 

. 
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Q. 22.128. What is the optimum amount of accelerating charge ? 

Ans. The optimum amount of accelerating charge is that which gives best power F/A ratios 
in the cylinder . ■ 


CARBURETION AND CARBURETTORS 

Q. 22.129. What is *Carburetion’ ? 

Ans. The process of preparing in the S.I. engine, a combustible fuel-air mixture outside the 
engine cylinder is ‘carburetion. This complicated process is achieved in the induction system. 

Q. 22.130. What is a‘Carburettor’? 

Ans. A carburettor is a device which atomises the fuel and mixes it with air. It is the most 
important part of the induction system. 

Q. 22.131. What is the function of a throttle in a carburettor ? 

Ans. It regulates the quantity of the mixture. 

Q. 22.132. Name the factors which influence the process of carburetion. 

Ans. (i) The engine speed ; (») The vaporisation characteristic of fuel; (Hi) The temperature 
of the incoming air ; (tu) The design of the carburettor. 

Q. 22.133. How Too high volatility’ of petrol affect the working of S.I. engine ? 

Ans. Too high volatility may form bubbles in the carburettor and fuel lines particularly 
when the engine temperatures are high, which interfere with the supply and metering of the fuel 
and may disturb the F/A ratio so seriously that engine may stop working. 

Q. 22.134. What are the disadvantages of too low volatility of petrol ? 

Ans. Too low volatility may cause petrol to condense on the cylinder walls, diluting and 
removing the lubricating oil film ; ultimately the petrol may reach the crankcase past the piston 
rings and dilute the engine oil. Condensation of petrol on cylinder wall also causes carbon deposits. 

Q. 22.135. What is the purpose of a ‘Float chamber’ ? 

Ans. It is meant for storage of fuel. 

Q. 22.136. Name the devices/systems which are added to the simple carburettor for 
meeting the demand of the engine under all conditions of operation. 

Ans. (i) Main metering system ; («) Idling system ; (in) Power enrichment or economiser 
system ; (iv) Acceleration pump system ; (u) Choke. 

Q. 22.137. Where is ‘Auxiliary port carburettor’ used ? 

Ans. In aircraft—for altitude compensation. 

Q. 22.138. What is a ‘Choke’ ? 

Ans. A Choke is simply butterfly valve located between the entrance to the carburettor and 
the venturi throat. 

Q. 22.131k What are the three basic forms of carburettors ? 

Ans. (£) Updraught; (ii) Downdraft ; (iii) Horizontal. 

Q, 22. 140. Give three examples of‘open choke type’ carburettor. 

Ans. (i) Zenith carburettor ; (ii) Solex carburettor ; dii) Carter carburettor. 

Q. 22.141. Give an example of ‘Constant vacuum type’ carburettor. 

Ans. S.U. carburettor. 
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H’ Z4.143. What is the unique feature of , 

Ans. Bi-starter for cold starting. carburettor’ ? 

Ans : W4 What ar<! the functions ofa fuel injection system ? 

(S to ITT !i! e engine ' s operating variabies ; 

ruei into the incoming air stream. 


^FUE L fNJE CTIONSYSTEMS FOR C.I. ENGINES I 

. Ans. The betoeTnThT"^ j term ‘ Ignition del «y’ ? 

Anf; 146 ; What iS ‘ SO,id ° r airless injection’ ? 
is termed as 


Ans.(tlCor^mrlm^UoSb Tu™ injection sterns. 

*** 0 ° ^ ; « IndividUa ' H>-i-tion system ; («,Distribu- 


Q. 22.148. How are nozzle classified ? 

Ans: * 

(i) Single hole nozzle ; 

m Circumferential nozzle • ^ Ulti ' hole n02z le ; 

Od Pintaux nozzle. * PmfcIe nozzle; 

Si2e en /"' s - 49 ' Name the thrCe C ° mm0nly USCd Starti ” g systems in large and medium 

(Hi) Compressed^afrsysteim “ 6ngine : (u> Us * of electric motors or selfstarters ; 


tion process. It is only a small £ateX'nomenon”^' 0 ' 1 '. U - d °" n °‘ influence gross combus- 
combustion chamber. non takingplace within a specified small zone in the 

| f ° r automotive engines ? * ? e " ergy ,s sufficient over entire range of operation 

I -<« 


JL 
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Q. 22.152. Name the basic ignition systems which are in use. 

Battery ignition system (Conventional, transitstor assisted); (it) Magneto ignition 
system (Low tension, high tension) Electronic ignition system. 

Q. 22.153. What is Magneto 7 ? 

the necessarv^enprov'f S a f S P ecia] f 1 ig^tion system with its own electric generator to provide 

preferred for Jrrr f ■ ? " *" reZiaWe ’ ^lf contained unit which is often 

preferred for aircraft engines because storage batteries are heavy and troublesome. 

Q. 22.154. What do you mean by the term‘Firing order’? V 

firing orderTs^arrtmood r*t* ^ ta W “ ch variotts <*» multi-cylinder engine fire. The 

balafdng 6 d have power lm P uIses equally spaced, and from the point of view of 

Q. 22.155. What do you understand by the term ‘Ignition timing’ ? 

comDretdon ^rnhe'! ‘T'*’ ? Corr ® ct instant for 01(5 introduction of spark near the end of 
engine Stroke ln the c y c,e - The ignition timing is fixed to obtain maximum power from the 

Q. 22.156. List the factors which affect ignition timings. 

design ^11 THr C „m PreSSi0n Knginespe<id !«« Mixture strength ;{iv) Combustion chamber 

esjgn , ( v) Throttle opening ; (ui) Engine temperature; (vii) Type of fuel. 

Q. 22.157. What is the main function of a spark plug ? 

systemic twZT f ^ nCti °J l °{ a Sf> T ark plu S is to conduct the high potential from the ignition 
fiDnlvinrr h,crh if stlon chamber. It provides the proper gap across which spark is produced by 
PP y ng high voltage, to ignite the combustion chamber. 

Q. 22.158. How does a cold plug differ from a hot plug ? 

gases, ^comp'SKf S pit" 4 tranSf6r Path and 3 Sma11 3rea eXP ° Sed ‘° thG C ° mbUSti0n 


ENGINE FRICTION AND LUBRICATION 

Q. 22.159. What are the purposes of lubrication in I.C. engine ? 

Ans : 

(i) wfthi^otti e e™ bbing aCti ° n betWee " different m3Chine parts having reIative motion 

(ii) To remove the heat generated inside the cylinder. 

Q. 22.160. Define the term ‘Engine friction 7 . 

brake ^r Sfr ^ defmed 38 the difference between the indicated power (I P.) and 

Frictional power, F.P. = I.p. __ B.P. 

Q. 22.161. Name the losses which are included in the ‘total engine friction loss’. 

losses Mrll h lr6 f Ct fric l ti0n f 1 l0sses ; {U) Pum P‘ ng loss ; «») Blowby losses ; (w) Valve throttling 
osses , (u) Combustion chamber pump loss ; (ui) Power loss to drive the auxiliaries. 

Q. 22.162. How are‘Blowby losses’caused ? 

the cvI^^S W f rC CaU8 f d due t0 Ieakage of combustion pro lucts past the piston from 
cylmder into the crankcase. These losses depend upon the inlet pressure and compression 
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eS O „e T S peed l0SSeS ‘ nCreaSe direCtly With ratio but get reduced with an increase in 

(!) 6 F™ a ?p the a m np° dS WhiCh arC US€d *° determine friction. 

<-) Motorfag m eth c d , J) Decelerationethod Cn ^ ^ ^ ^ 1 ^ Wi * Ws Iin “ meth ° d > 

Q. 22.164. Define the term ‘Lubrication ? 

Ans. Lubrication is the admittance of oil between two surfaces having relative motion. 

Q. 22.165. What is ‘Film lubrication’? 

layer offilm oVluhrfrtn^ 6 °1 l ^ Which bearing surfaces are completely separated by a 

the lubricant layers ^ ^ ^ nctl ° nal reSLStance arises only due to relative movements of 

Q. 22.166. What is ‘Boundary lubrication’ ? 

comes tWn enough t h o e i! ! ydl Tf ynamiC COn u dition the oi] film -^PPorts the load. If the oil film be- 
journal friction develop ^ l0&d wlthout occa sional metal to metal contact the 

Q. 22.167. What is ‘Elasto-hydrodynamic lubrication’ ? 

cally against^he nrpoc load1 a *| n * or ‘ bearings is very high, the material itself deforms elasti- 
namic Lbrka^ionZdiZ ^ 1 f ‘ lm ' TWs type ° f lubncation is «»lled elasto-hydrody- 

g “ r •" d r ”"'" g ” h,b 

Q. 22.168. What do you understand by the term ‘Viscosity’ of an oil ? 

Q. 22.169. How is viscosity of an oil measured ? 

Ans. Viscosity is measured by viscosimeter. 

Q. 22.170. Name some important types of viscosimeters. 

do) Barbey viL S o" imlT 1VerSal ViSC ° Simeter > «> Red w °° d viscosimeter; (iff) Engler viscosimeter; 

Q. 22.171. What does high viscosity index indicate.7 

the temperature 8 * 1 V1SC ° Slty lndex lndlcates rela tively smaller changes in viscosity of the oil with 

A 22 -,™; Name the various lubrication systems used for I.C. engines. 

tion system. * 6 SUmP lubneatlon system i (««') Dry sump lubrication system ; (Hi) Mist lubrica- 

Q. 22 173. Which lubrication system is used in two stroke cycle engines ? 

Ans. Mist lubrication system. 




ENGINE COOLING 


low ? Q ' 2 ' 174 ' Why iS the engine COoling ref l uired to keep the temperature of the engine 

engine "failure 0 aV ° ld l0SS of volumetric efficiency and hence power, engine seizure and danger of 
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Q. 22.175. How much percent of total heat supplied in the fuel is removed by the 
cooling medium ? 

Ans. Almost 25 to 35 percent. 

Q. 22.176. How much percent of total heat supplied is carried away by lubricating 
oil and heat lost by radiation ? 

Ans. 3 to 5 percent. 

Q. 22.177. What is the mode of heat transfer from hot gases to the coolant ? 

Ans. Heat transfer from hot gases to the coolant takes place by forced convection or by 
nucleate boiling when heat flux is high. 

Q. 22.178. What are the two main methods of cooling of I.C. engines ? 

Ans. (0 Air cooling ; (it) Water/Liquid cooling. 

Q. 22.179. Name the various methods used for circulating water around the engine 
cylinder. 

Ans. (i) Thermo-system cooling; (it) Forced or pump cooling ; (iii) Cooling with thermostatic 
regulator ; (iv) Pressurised water cooling ; (u) Evaporative cooling. 

Q. 22.180. What are the principal types of radiator cores ? 

Ans. (i) Film type ; (it) Fin and tube ; (iii) Pack type. 


SUPERCHARGING OF I.C. ENGINES 

Q. 22.181. What is the purpose of supercharging ? 

Ans. The purpose of supercharging is to raise the volumetric efficiency above that value 
which can be obtained by normal aspiration. 

Q. 22.182. What is a ‘Supercharger’ ? 

Ans. A supercharger is the apparatus used to increase the air density . It is merely a com¬ 
pressor which provides a denser charge to the engine, thereby enabling the consumption of a greater 
mass of charge with the same total piston displacement. 

Q. 22.183. Which type of compressor is widely used as supercharger for reciprocat¬ 
ing engines ? 

Ans. Centrifugal type compressor. 

Q. 22.184. What are the objects of supercharging ? 

Ans. (i) To increase the power output for a given weight and bulk of the engine ; {ii) To 
compensate for loss of power due to altitude ; (iii) To obtain more power from an existing engine. 

Q. 22.185. What is ‘Boost pressure’ ? 

Ans. Boost pressure refers to the gauge pressure recorded when the air or mixture supply 
has passed through the supercharger. 

Q. 22.186. What is ‘pressure ratio’ (in case of a supercharger) ? 

Ans. Pressure ratio is the ratio of absolute pressure (boost pressure + atmospheric pressure) 
to that of the atmospheric pressure. 


4 
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Q 22 187 W8 . •' ,NtERUAL combustion engines 

H- 22.187. What are ‘turbochargers’ ? ■ ■ 

* - —-— . 

Ans. (1) Constant pressure turhnl turboch *rging methods ? 

(‘.(Two-stage taboch^, „ V 


tes ting AND PERFORMANCE of i.c. engines 


Q. 22.189. What does engine oerfnrmo . . 

Ans ‘Fnaino r & ne Performance ind IC ate ? 

.... ,<*• 22j »»-—»-* p-—. ... „ rtom _ 

e icency and heat balance ; (ahi) Exhaust Whehe MdrtW^ ^ eo " sl ' m P H ‘>« , M) Thenlcd 

«' a*«. Wha, „ ,, dlo . M „„„ „^ —— • <“> S P«f« -W* 

b " f » *• cniubustion ch.„b„ „„. d 

Q. 22.192. What is‘Brake power-(B.P.) ? 

Q. 22.193. What is ‘MechanLTl ° UtPUt ^ **“ br3ke P ° Wer ’ 


Ans. The ,M. efB.P. „. i, *** , 


ap 

i.p. 


Q. 22.194. What is ‘Mean effective pressure- ? 

be acting on the piston thro^ghouTthe power'stoke^ 3S hyP ° thetical P re ^ure whichis thought to 

Ans.^It fs^th^ 3 ^ ^/^ PeC *^* C ^ UCl C ° nSUmp ^ 0n 

cal power production"*^ ° ™ C ° mumed P er W developed per hour, and is a criterion of economi- 

Q- 22.196. How can speed be measured * 

(ni) Electric^achomete^ ** e meaSUre< ^ : © devolution i 

measured. Na ™ e ^ methods b y which the fuel consumed by an engine can be 

Q- 22.198. Name ? (mCmtbiw ** flow »**>«,. 

Ans. CO Air box method ; «) Viscous-flow air * meaSUred ‘ 

Ans. (i) Bosch smoke m^rr ke (™)HltnI hlCh T* f ° r measurement of smoke. 

ter , („) Hatndge smoke meter ; (i„) PHS smoke meter. 


1 C ° Unters ! «0 Mechanical tachometer; 
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Q. 22.200, Give the classification of dynamometers used for th 
** a tor the measurement of 
Ans. (i) Absorption dynamometere.g., Pony brake Roneh ir 
Electrical brake ; (it) Transmission dynamometers. ra e> ^^ rau lic brake, Fan brake, 


Q. 22.201. What are the features of‘Rope brake dynamom * 

Ans. “Rope brake dynamometer ” is cheap and easily constructed T, ? 
cause of changes in friction coefficient of rope with temperature <C ’“ ^ ut not ver y accurate be- 

Q. 22 202. How is indicated power (I.P.) usually determined 7 

, . ' „ Ans : Indicated power is usually determined with the help of H „ „ ‘ 

help of an indicator. pola P~V diagram taken with the 

Q.22.203. What is the field of application of 'Morse test’? 

Ans. Multi-cylinder engines’testing. 

Q. 22.204. Name the methods which can be used todpi 
an engine. determine frictional power of 

Ans. (i) Willian’s line method (used for C.I. engines onlv) • (a\ 

(tv) Difference between. I.P. and B.P. 7) 9 ( ^ Morse test; (iii) Motoring test; 

Q. 22.205. Name the methods used for governing I c e 
Ans. (i) Hit and miss method ; (») Quality governing • (iU) 

Q. 22.206. In which type of engines ‘Hit and mms 1 a e ° Veming ' 
monly used ? ss method’ of governing is com- 

Ans.. Gas engines. 

Q. 22.207. For large engines which method of govern • 

Ans. Quantity governing. K is preferred ? 


Q. 22.208. What is the disadvantage of‘Quality go V e rnill 

Ans. The ignition is not always satisfactory and thermal effici g meth ° d ’ ? 

O 22 200 WI, » .. efliciency ls reduced. 

22.209. What are the three ways bv which 

reduced ? ^ y Wh ‘ Ch en S lne *nd exhaust noise can be 

Ans. 

(0 Passive Noise reduction is accomplished passively by corre^f a • 

materials. J y orrect design and the use of proper 

(u) Semi-active. In semi-active noise abatement systems ‘hvd 
(ui) Active noise. Active noise abatement is accomplished TaU . are oftcnI y u «ed. 
out engine exhaust noise. ^ generating ‘antinoise’ to cancel 


AIR POLLUTION FROM I.C. ENGINES AW Dl Km ~ roA 7^ 

Q. 22.210. Define the term ‘Air pollution’. 7 

Ans. Air pollution can be defined as an addition to our atm™ v 
Will have a deleterious effect on life upon our planet. m osphere of any material which 

Q. 22.211. Name the major pollutants which are emitte,I f 

incomplete combustion. from the exhaust due to 

' n ,, ^ a ) Carbon «M>noxide (CO) ; («) Hydrocarbons (HC) • (/;•■, n ■. 

Uiher products produced are acetylene, aldehydes, etc. ’ KUl ° xlaes nitrogen (NO v ). 
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co m b„1ii 2 „n 2 is 2 cor p t a e7 ““ Pr ° dUCtS WhiCh “* eXpeUed the exhaust when 

Ans. Water vapour and carbon dioxide (an inert gas-not directly harmful to humans). 

Q. 22.213. What is ‘Stoichiometric ratio’ ? 

‘stoichH S ; t Hcrau“ y air ' fUe ' Mti ° by maSS f ° r COm P lete “mbustion is known as 

engine^ 22 ' 214 ' Name three main sources f™m which pollutants are emitted from S.I. 

Ans. (i) Crankcase ; (it) The fuel system ; (iii) The exhaust system. 

Q. 22.2X5. Name the main methods used for S.I. engine emission control. 

exhaust^mH ( Mc^ O r iflCa I; i0n f in deSign a " d °P eratin g parameters ; (it) Treatment of 

exnaust products of combustion ; (m) Modification of fuels. 

Q. 22.216. What is a catalytic converter ? 

HP an,frn t catal , ytic cnnuertcr is a device which is placed in the vehicle exhaust system to reduce 

HC and CO by oxidising catalyst and NO by reducing catalyst. 

Q. 22.217. Which is the best catalyst to control NO x ? 

range StU.ffTS'Su a““ Cata ' ySt t0 C ° ntro1 N0 * but ratio must be within a narrow 

Q. 22.218. What is the basic principle of crankcase blow-by control system ? 

Ans. Recirculation of vapours back to the inlet manifold. 

Q. 22.219. Name the methods by which NO x emission can be reduced. 

Ans. ( 1 ) Exhaust gas recirculation (EGR); (ii) Catalyst; (iii) Water injection. 

depends. 22 ' 220 ' *** faCt ° rS ° n Which the quantity of soot formed in a C.I. engine, 

Ans. ( 1 ) The local F/A ratios ; (ii) The type of fuel; (iii) The pressure. 

Q. 22.221* What is the cause of‘smoke’ ? 

Ans. Incomplete burning of fuel inside the combustion chamber. 

Q. 22.222. What are the two major reasons for incomplete combustion ? 

Ans. (i) Incorrect A/F ratio ; (ii) Improper mixing. 

density ? 22 223 Wha ‘ ^ tW ° baSic types of smoke meters {or measuring smoke 

Hartrid^ S smokfmeteS rkening ^ ^ ^ ^ ^ '' 60 Light eXtinCtion ^ <**■ 

Q. 22.224. What are the methods which may be used for control of smoke ? 

Ans : 

• There is hardly any successful method to control the root/smoke except the engine has to 
run at lower load, i.ederating and maintain the engine at best possible condition. 

• The other methods which may be used for control of smoke are • 

(0 Smoke su PP r ^s out additives ; (ii) Fumigation ; (iii) Catalytic mufflers. 

Q. 22.225. Name the factors which affect odour production. 

(a) Odot° Perati0n m0de ; m Engine type ; (iu) Fue1 ; 
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MISCELLANEOUS ENGINES 


Q. 22.226. What is ‘Dual-fuel operation’ ? 

Ans. Dual-fuel operation combines in a simple manner the possibility of operating a diesel 
engine on liquid fuels such as diesel oil or gas oil and on gaseous fuels such as natural gas, sewage 
gas and cook oven gas, etc. 

— The engine can be switched from dual-fuel operation almost instantaneously in'case of 
emergency. 

Q. 22.227. What are the factors which affect combustion in a dual-fuel engine ? 

Ans. (i) Pilot-fuel quantity; (ii) Injection timing; (iii) Cetane number of pilot-fuel; (iv) Inlet 
temperature ; ( v ) Types of gaseous fuels ; (o£) Throttling ; (vii) Mixture strength. 

Q. 22.228. What is a ‘Multi-fuel engine’ ? 

Ans. A ' Multi-fuel engine* is one which can operate satisfactorily (with substantially 
unchanged performance and efficiency) on a wide variety of fuels ranging from diesel oil, crude oil, 
IP-4 to lighter fuel like gasoline, and even normal lubricating oil. 

Q. 22.229. What difficulties are associated with multi-fuel operation ? 

Ans. (i) Tendency of vapour lock in the fuel pump while using lighter fuels ; (ii) Tendency of 
increased wear in the fuel pump due to lower lubricity of gasoline ; (iii) In view of differences in 
heating values and compressibility of fuels, different volumes of fuels need be injected. 

Q. 22.230. What is a ‘Stratified engine* ? 

Ans. A ‘ Stratified engine' is usually defined as a S.I. engine (stratified diesel engine has also 
been developed) in which the mixture in the zone of spark plug is very much richer than that in the 
rest of the combustion chamber i.e., one which burns leaner overall fuel-air mixtures. 

Q. 22.231. What do you understand by the term ‘Charge stratification’ ? 

Ans. Charge stratification means providing different fuel-air mixture strengths at various 
places in the combustion chamber. 

Q. 22.232. What are the main merits of stratified charge engine ? 

Ans. The stratified charge engine combines the advantages of both petrol engines (very good 
full load power characteristics eg., high degree of air utilisation, high speed and flexibility) and 
diesel engines (good part-load characteristics) and at the same time avoids as far as possible their 
disadvantages. 

Q. 22.233. What are the advantages of burning overall fuel-air mixtures ? 

Ans. (i) Higher thermodynamic efficiency ; (ii) Reduced air pollution. 

Q. 22.234. What is the basis for Stirling engine ? 

Ans : 

— The alternate compression at low temperature and expansion at high temperature of a 
working fluid is the basis for the Stirling engine. 

— The working fluid is heated in a radically different manner. It burns fuel outside the 
engine itself, and continuously. 

Q. 22.235. Which fuels can be used for a ‘Stirling engine* ? 

Ans. Since the Stirling engine is an external combustion engine, it possesses multi-fuel 
capacity. It can use any petroleum fraction such as gasoline, diesel, methanol-gasoline blends, etc., 
with no octane or cetane requirements. Thus, the Stirling engine has the desirable characteristic of 
adaptability to changing fuel availability. 
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Sine). 


°" "’ h “ principle fc, W.„k«l „,i„. w „ rk , 

Four-phase pnnp.pl. (T h. ». rt pto,, mapmi , «„ k . „ f ^ 


‘engine’ ? re the charactenc features of a variable compression Ratio (VCR) 

load operation and a ^w^TmprtsshnrTth^ s^attbn lo fOT g °° d stabim y a ”<* low 

the inlet pressures without increasing the peak cycle pressme " 6 tUrb ° cha ^ er *o boost 

engine is higher th'anttftof^the gaslhn^engfne" 11 ^ Part ' Ioad efficienc y of the diesel 

If(f)B;?h W Can r ri ? b ' e C ° mpreSSi0n rati ° ^ obtained 7 

vo.ume^ S tke ) e£: h e anglng ““ VOlu ™ = ® By changing both the clearance and swept 

Q. 22.239. What are ‘free-piston engine plants’ ? 

that the air , 
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PART I 


ADDITIONAL OBJECTIVE TYPE QUESTIONS 

(Selected from Competitive Examinations Question Papers) 

A. Choose the Correct Answer : 

1. The specific gravity of diesel is 

(a)' 1 ( b) 0.7 (c) 0.85 

id) 0.5 (e) 1.25. 

2. The most popular firing order in the four-cylinder in line I.C. engine is 

(a) i—2—3—4 (6) 1—3—2—-4 (c) 1-3—4—2 (d) 1—2—4—3. 

The ratio of indicated thermal efficiency to the corresponding air standard cycle efficiency 
is called 

(a) efficiency ratio ( b ) relative efficiency 

(c) overall efficiency ( d ) mechanical efficiency. 

If the compression ratio of an engine working on Otto cycle is increased from 5 to 7, the 
percentage increase in efficiency will be 

(a) 2% ( b ) 4% (c) 8% ( d ) 13.70%. 

The pressure at the end of compression in a C.I. engine is of the order of 
(a) 10 bar (6) 16 bar (c) 25 bar ( d) 35 bar. 

The thermal efficiency of a diesel cycle having fixed compression ratio with increase of cut¬ 
off ratio will 

(a) increase (6) decrease (c) remain unaffected (d) none of the above. 

The fuel in diesel engine is normally injected at pressure of 
(a) 5—10 bar (6) 20—25 bar (c) 60—80 bar (d) 90—130 bar. 

In a petrol engine the spark plug gap is in the order of 

(a) 0.10 mm (6) 0.6 mm (c) 0.1 mm (d) 0.15 mm. 

For maximum power generation, the air-fuel ratio for a petrol engine is of the order of 


3. 


4. 


5. 


6 . 


7. 


8 . 


9. 


(a)9 : 1 (6)12:1 (c) 16 : 1 

id) 18 : 1 (e) 20 : 1. 

10. Piston rings are usually made of 

(a) cast-iron (6) aluminium 

(c) phosphor bronze ( d ) carbon steel. 

11. The self ignition temperature of diesel compared to petrol 

(a) is higher (6) is lower 

(c) is same (c£) depends on quality of fuel. 

12. The compression ratio of motor car is in the order of 

(a) 5 (6) 7 ( c ) 10 

id) 16 (g) 19. 

13. The rotation of camshaft with respect to rotation of crankshaft for 4-stroke IC engine is 

(a) 1/2 (6) 1 ( c ) 2 {d) 1/4. 

14. Fuel consumption with increase in back pressure will 

(a) increase (6) decrease 

(c) remain unaffected (d) none of the above. 
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15. 


16. 


17. 


18. 


19. 


20 . 


21 . 


22 . 


23. 


24. 


25. 


26. 


ic) 0.75 


The specific gravity of petrol is 

(6)0.82 

L 0,50 (e) 0.24. 

(a)' -1 4 fi i Dg 5 0rde 6 r “ the in-line IC engine is 

(c) 1 — 3 — 6_5_ 4~^ (6)1-3-5-4-6_2 

For same compression ratio and heat inDut fk. 1 ~~i 5 T. 3 L ~~ 6 ~ 2 4 ’ 

be V lnPUt ' thecyclewhlch has maximum efficiency may 

(a) Diesel cycle (6) Dual cycle M nt+ 

For the same maximum pressure and heat .. r 0 c ^ e None of the above. 

W cycle (« Diesel ckI^ fc ?n , ’ effid ^. is maximum for 
If the working substance in case of air-standard ^ ^ None of the abov e. 

same compression ratio and heat input at constant ly ***“5^ fr ° m air to ar f? on for the 
(a) decrease (j) increase . 804 vo,ume . the efficiency will 

The pressure at the end of the compression inJ^r™ “ nstant “one of the above. 
° f nipression in case of motor car (S.I. engine) is of the order 

(a) 7 bar (6) 10 bar fe) . 

The thermal efficiency of Otto cvclp haw- . bar (d) 20 bar. 

(a) increase (6) decrease ’ InR same heat input and working substance will 

W) none of the above with increase of 

n a petrol engine the high voltage for spark is in th a 
(a) 1000 V (h) 20nn V 6 pork is m the order of 

The materia, for cenU eZrL in spark ^ 

(a) carbon e b 

W) nickel alloy fe) none of the , (c) P^num-tungsten alloy 

order of 7(0 fUel consum Ption), the air-fue! ratio for petrol engine is of the 
(a) 9 : 1 12 . 2 

Material for piston in case of petrol engine is “ ' 1 W) 20 : L 

{a) cast-iron 

(O Phosphorus-bronze aluminium 

The ratings of C.I. engine fuel is given by “* t 
W octane number 

(c) cetane number 6 performance number 

The high-vapour pressure fuel of gag tur ° f the above - 
(a) JP-3 (6) jp. 4 Jp 

“t*** ■>“»- «*» i..»o, 

\ 0 ) 1U / \ -JO 

The mechanical efficiency (n ) 0 f an TP • 

(a) IHP/BHP . (6) bhMHP T? ‘ S equal to 

30. Tb e ratio of thVindicated thermal efficiency t thff HP a- FHP/BHP - 

ciency is called nciency to the corresponding ideal air-standard effi- 

(a) brake thermal efficiency ,,, . 

(c) volumetric efficiency ! indicated thermal efficiency 

id) relative efficiency. 



internal combustion engines 


27. 


28. 


29. 


id) none of the above. 
id) 18. 

id) FHP/BHP. 
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51 ' W dLTeS“ “ P ‘"” ■” BHP "Z “ ■r™'"' °- 2 ■» *- -*» ” 

(o) petrol engine 

[c) steam engine r r , , , 

on Q j . B W none of the above. 

s '"rzrzz? h ** > *,r r. y r pr ~r -*» •» 

**• The hie) which detonates easily, is ' ’ ° P * (d) none of the above. 

34 Th n il6ptane , (6) tso-octane (c) benzene '{d) alcohol 

' ‘ (a.^ecrease'me p 16 " ^ ^ 3 ****** ^ 

O keep same m.e.p. (d) none of the above. 

35. In a typical medium speed four-stroke cycle diesel engine intake valve 

(а) opens at TDC and closes at BDC 

(б) opens at 20“C before TDC and closes at 35°C after BDC 

(c) opens at IffiC after TDC and closes at 20»C before BDC 

(d) none of the above. 

36. Addition of normal heptane, (C ? H 16 ) 

(a) resists auto-ignition (b) acce i erates auto -ignition 

(e) does not affect auto-ignition (d) none of the above. 

d/. Piston rings are usually made of 

(a) aluminium ( b) cast iron ( c ) carbon d»] , , , , 

38 carDon ste ei (d) phosphor bronze. 

‘ to four-stroke pZTenginewfth samfcomprl^on ‘rati'^llTe SCaVe ” ging 35 C ° mpared 

(а) higher (ft) same ( c ) lower . , , 

39. 'Knock’ in the C.I. engine is characterised by u npre ic a e. 

(б) sudden aU . t0 ~: gn :* i0n °^ 6 mixture at the Ver -V beginning of the combustion process 
r tli aUt °- lgnitl0n of tbe ““ture near the end of the combustion period 

(c) knock does not occur in C.I. engines 
id) none of these. 

40. The highest flame speed will be obtained with an air-fuel ratio 

a) somewhat richer than chemically correct (6) stoichiometric 

(c) very rich ^ ^ 

41. Which one of the following is correct ? 

(а) Late intake valve closing increases the compression ratio 

(б) Late intake valve closing lowers the compression ratio 

ic) Late intake valve closing does not affect the compression ratio 
(a) None of the above statements is correct. 

42. In four-stroke engines, the camshaft connected to the crankshaft by gears or chain rotates 

f ( “? l al f , th ®, Cranks | la f ® peed (6) three-fourth the crankshaft speed 

43 Which 8 SPeed (d) equal t0 the cranksh aft speed. 

• Vh ch one of the following statements is correct for S I engines 7 

(o) The flame front progresses relatively faster at the beginning and near the conclusion 
of combustion, and slower during the intermediate portion conclusion 

^S:t^ P d 0 S S , reIati ^ y S T ly a i the beginning and near the -elusion 

Oi comDustion, and faster during the intermediate portion 
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INTERNAL COMBUSTION ENGINES 

(c) The flame front is steady throughout 

( d) None of the above. 

44. The mixture requirement of a S.I. engine under normal running on road is 

(a) a stoichiometric mixture (ft) a rich mixture 

fa) a lean mixture tf) none of the above. 

45. Compensating devices are provided in carburettors 

(a) to change the quantity of mixture depending upon load 

(b) to provide always an economy mixture 

(c) conditions the m ' XtUre strength depending upon requirements under various operating 

(d) to supply extra fuel during acceleration only. 

46. Auto-ignition in a S.I. engine means 

(a) automatic ignition of the charge at the end of compression 

(b) ignition induced by the passage of a spark 

(c) ignition of the charge before the passage of the flame front 

(d) ignition induced to supplement the process of normal combustion. 

47. The best fuels for C.I. engines are 

(a) straight chain paraffins (ft) aromatics 

(c) branched chain paraffins (d) naphthanes. 

48. The compression ratio used in a high-speed C.I. engine is of the order of 

$?> 4 (b)8 fa) 12 (d) 20. 

0 ^ 0 “ the C0mbusti0n chamber in a diesel engine at the end of compression is 

(a) 5 bar (ft) 10 bar ( c ) 15 bar (d) 22 bar. 

U * In computing engine performance, the heating value of fuel used is 
(a) the higher heating value (6) the lower heating value 

(c) the average of lower and higher heating values 

(d) none of the above. 

51. Normally a lubricant is selected for an engine on the basis of 

(a) SAE viscosity rating number (ft) Saybolt seconds 

(c) Redwood seconds W) Viscosity in stokes. 

52. The best possible location for the spark plug is 

(a) near the inlet valve (ft) near the exhaust valve 

fa) at the centre of the cylinder head (d) any place of the combustion chamber, 
ad. It one of the two spark plugs provided at two ends of the cylinder fails 
(a) the engine will stop (ft) knocking will increase 

(c) knocking will decrease (d) there will be no change 

54. The quantity of heat lost to the cooling water in an I.C. engine is about 

(a) 10% \ (ft) 30% (c) 50% (d) 70%. 

55. Hydrocarbon emission is maximum in 

(a) 4-stroke cycle petrol engine (ft) 4-stroke cycle diesel engine 

__ [I* 2 'f roke cycle P etro1 en ? ine (d) 2-stroke cycle diesel engine, 

b. The thermal efficiency of high speed diesel engine is the order of 

20% ®) 35% fa) 50% . (d) 70%. 
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, 57. The thermal efficiency of an air standard diesel cycle having fixed compression ratio, with 
increase in cut-off ratio will 

(a) increase ( b ) decrease (c) independent ( d ) none of the above. 

58. The pressure at the end of compression in the case of diesel engine is in the order of 

(a) 12 bar (6) 20 bar (c) 28 bar (d) 35 bar. 

59. Supercharging of IC engines is essential for 

(a) marine engine ( b) aircraft engine 

(c) stationary engine C d ) none of the above. 

60. The most effective method of determining FHP for multicylinder engines is 

(a) Morse test (6) Willan's line method 

(c) mechanical indicator id) electronic indicator. 

61. If the clearance volume of IC engines is increased, the compression ratio will 

(a) increase (6) decrease (c) remain constant id) any of these. 

62. The camshaft of a four-stroke IC engines should be running at 1200 rpm will run at 

(a) 1200 rpm (6) 600 rpm (c) 2400 rpm (d) none of the above. 

63. In a C.I. engine higher combustion chamber wall temperature will 

(a) reduce knocking tendency (6) increase knocking tendency 

(c) reduce exhaust temperature (d) have no influence on combustion process. 

64. Anti-knock property of C.I. engine fuel can be improved by adding 

(a) tetra-ethyl lead ( b ) trimethyl pentane 

(c) amylnitrate (d) hexadecane. 

65. For the same output and compression ratio, four-stroke engines as compared to two-stroke 
engines have 

(a) higher fuel consumption (6) higher exhaust temperature 

(c) lower thermal efficiency (d) higher thermal efficiency. 

66. If the pressures at the beginning and end of compression in an air-standard Otto cycle 
(r = 1.4) are 1 bar and 8.1 bar respectively, the efficiency will be 

(a) 45% (b) 50% (c) 40% (d) 57%. 

67. For combustion of 1 kg of carbon, the quantity of air required by mass is 

• (a) 12 kg (6) 2.67 kg (c) 15 kg (d) 11.6 kg. 

68. Crankcase dilution means 

(a) dilution of fuel in the crankcase 

( b ) dilution of mixture while passing through the crankcase in two-stroke engines 

(c) dilution of lubricating oil in the crankcase 
id) addition of water in the crankcase. 

69. Orsat apparatus is used for determining 

(а) the calorific value of fuel 

(б) volumetric analysis of the dry products of combustion 

(c) volumetric analysis of the wet products of combustion 

(d) gravimetric analysis of the products of combustion. 

70. IC engine pistons are usually made of 

(a) cast steel ( b) forged steel (c) phosphor bronze 

71. Inlet valve of a four-stroke IC engine remains open for about 

id) 180° (6) 150° (c) 260° 


id) aluminium alloy. 
id) 230°. 
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internal combustion engines 


The purpose of thermostate in water r r 

(a) avoid steam formation system » to 

(b) close the water passage when th 

(c) prevent abnormal rise in the eDgme is co,d 

(d) maintain the operating t englne te mperature 

(a) Diesel cycle i* m d temperature 

?> <*. 0,1 k :r£r *»«» 

( 0 ) Both ott. cycle ,,l n,“ , '"‘ a «• 

W) None Of^r DleSei Cycle are e< 5 ua)) y efficient 

91. both petrol engines and diesel p „m <W diesel en ^ nes 
fa) neither in netrnl «„„• en gines 

76 - In carburettors, the top ofthl d ' eseI en ^ nes - 

fa) is kept at same level * * Wi ‘ h referenc e to the petrol level in the fl 
£ ^ k6P ‘ at lower lever ® 18 kept at higher level b6r 

77. Economise?systol^™ t0 SitUati ° n ' 

fa) to achieve economyT^cT ““ Carburettore 

7e 

t 1 Clearance volume Compression ratio 

• stratified charge engine suffers from follo^ ^ dimensi °ns. 

;»s d"“ ;tx - 1 ? 5 fir "° 8 d “ a ''"“ e * < 

fa) It cannot be manuflr^.T mission levels 

80 Th U r6SUltS in reduced P^er tech nology 

80 - The volumetric efficiencv of „ « glVen er >gme size. 

fa) 30 to 40% ° f 3 We ” d -igned IC engine may be 

(c) 60 to 70% (b) 40 to 60% 

81 ' The locking tendency in C I „ (d> 75 to 90%. 

fa) enhanced by decreasing f ° r 3 given fuel will be 

®) enhanced by inc c ^ ^ 

fa) unafTected bv J ““Piston ratio 
fa^) None of^the^above !^ 6 ^ C0In ^ ression ratio 

fa) reducing the” deT^p^ 68 may be prevent ed by 

S “ ng L he ini6t of air S [f iDg thC C ° mpreSSi0n ««<> 

all Of the above. W) “creasing the injection pressure 
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83. 


84 


85. 


86 


87. 


88 . 


90. 


91. 


92. 


93. 


The knocking tendency in S.I. engines may be decreased bv 
fa) controlling the air-fuel ratio tl X f T 1 

fa) controlling the exhaust temperature £ red. i lgniti ° n 

(e ) All of the above. reducing the compression ratio 

In order to prevent knocking in S I engines the eh , 

fa) low density engines, the charge away from spark plug should have 

fa) long ignition delay fa low temperature 

fa) all of the above. W) nch mixture > 

wisest " ■ <■“» **- <■ - “»—.r 

fa) 5000 to 8000 volts 91 10 °° t0 2000 volts 

Fmnno • W) 15000 to 20000 volts 

srxr ■r- ’» h ;r- - 

fa) engine speed )1 com Pres.sion ratio 

Oxides of „,w„ ... *■“) engine load, 

uxmes of nitrogen emission is maximum in 

fa two-stroke air scavenged compression ignition engines 

(c) fo S f t e tUrb ° ChaTged expression ignition engines 
fa four-stroke normally aspirated medium speed C.I e^nes 
fa) four-stroke normally aspirated high speed C.I. engines 

SJ^irsrsr* -»- s-bT " 8 - - 

fa) volumetric efficiency ,2 m ® chan,cal efficiency 

Sm to^ den X°3o a tfS, IC engine n ranga ° f 

Isooctane content in a fuel for spark ignition engine ^ W 8 ° *° 9 ° % ’ 

srr.;—i. 

The work output of theoretical Otto cycle n0 " e 6 ’ 

fa) increases with increase in compression ratio 
( 6 ) increases with increase in pressure ratio 
(c) increases with increase in adiabatic index 
(a) follows all the above. 

SXtuSf “ ~ wto “ »T" d “■ “ —«i 


94. 


95. 


(a) per unit time 
(c) per km distance travelled 
When an engine is idling, it requires 
(a) no fuel in air 
(c) rich fuel-air mixture 
Cetane number is the measure of 
(a) viscosity of fuel 
(c) ignition quality 


fa) per hour per unit brake horse power 
W) per hour per unit indicated horse power. 

(6) lean fuel-air mixture 
(d) stoichiometric mixture. 

(b) aulo-ignition temperature 
(d) calorific value of fuel. 
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96 ' (a) BHp eSt “ 3 multi - cylinder is —a to determine 

(c) FHP and IHP fd) p H p 

07 . i (“) volumetric efficiency 

' (a) 58NW in “*? C3Se ° f dieseI «*»« - of the order of the 

%a ge Xe“n g he° n ^ ** 18 ” d 5 * *• 

9, Which 1 is more viscous^lubricating oil ? ^ 

100 S )SAE m°- (WSAE4 ° (c) SAE 50 W) SAE 70 

(cleiectronio indicator 2 "“ 

101. The most popular device of measuring engine output is 
Co; electrical dynamometer u v j m , .. , 

(O fan brake dynamometer c f/"""'" 61 " 

,03 ' for„„„ 

(a) combustion is at constant volume (h} evnanom i 

(C) maximum temperature is higher w heat and . c ° mpression are isentropic 

104 In PASO rif riin 1 1 • g er (a) heat rejection is lower. 

to) efficiency “» 

frl moan nff i* maximum pressure 

cc; mean effective pressure /j\ * . . 

105 TLo engine weight. 

• as ° f unit mas v f fuei can aiw -* 

(a) 0.1152 C + 0.3456 H ’ ’ “1“ r ,? 0 * 886 

« «“«« C + 0.3456 (H + 0.125 O) + 0.0432 S 1 + ° 3456 ® " ° 125 0) 

me ^ ° 1152 ° + 0 3456 (H “ 0125 °> + 0 0432 S. 

106. Orsat flue gas analyses gives 

(a) mass analysis of wet products of combustion 
M volumetric analysis of dry products of combustion 
(c) mass analysis of dry products of combustion 

107 o r ““ anaIysis ° f Wet P roducts combustion. 

107. Reference fuels for knock rating of SJ. engine fuels would include 
(a) isooctane and alpha-methyl naphthalene 

(o) normal octane and aniline 

(c) isooctane arid n-heptane 

(d) isooctane and /i-hexane. 

108 ' engine T * ^ f ° ]1 ° Wing eVents W ° uld redu “ the volumetric efficiency of a vertical C.I. 

(a) inlet valve closing after BDC /m . , , , 

f \ x. i Co) inlet valve closing 1 before BDP 

Cc) inlet valve opening before Tnr 1 / »\ , ° 

P rang oetore I DC W) exhaust valve closing after TDC, 
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109. 


110 . 


111 . 


112 . 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


120 . 


121 . 


122 . 


123. 


Generally, in Bosch type fuel injection pumps, the quantity of fuel is' increased or decreased 
with change in load, due to change in 

(a) timing of start of fuel injection (6) timing of end of fuel injection 

(c) injection pressure of fuel ( d ) velocity of flow of fuel. 

By higher octane number of S.I. engine fuels, it is meant that the fuel has 
(a) higher heating value ( b) higher flash point 

(c) longer ignition delay (d) lower volatility. 

Which one of the following quantities is assumed constant for an IC engine while estimat¬ 
ing its friction power by extrapolation through Willan's line ? 

(a) Mechanical efficiency (6) Indicated thermal efficiency 

(c) Brake thermal efficiency (d) Volumetric efficiency. 

In battery ignition system, the voltage across the spark gap is about 

(a) 12 V (6) 120 V (c) 1200 V (d) 12000 V. 

Energy taken away by the cooling system of an IC engine is about 

(a) 10% (6) 20% (c) 30% (d) 50%. 

Carbon monoxide emission from S.I. engine are higher when the engine is 

(a) idling (6) cruising (c), accelerating ( d ) decelerating. 

The camshaft of four-stroke IC engine running at 2000 r.p.m. will run at 
(a) 1000 r.p.m. ( b) 2000 r.p.m. (c) 4000 r.p.m. ( d ) none. 

The most effective method of determining mechanical efficiency of an IC engine is 
(a) Morse lest (6) electronic indicator 

(c) extending the graph of fuel consumption versus bhp on the negative side of x-axis 

(d) motoring. 

Out of the following variables, which one has predominant effect on detonation in an S.I. 
engine ? 

(a) Compression ratio (Jb) A / F ratio 

(c) Spark timing (d) Speed. 

Stirling engine can be called as 

(а) internal combustion engine 

(б) external combustion engine 

(c) combination of,internal and external combustion engine 

(d) none. 

Which is the most effective alternative fuel for IC engine in rural area ? 

(a) CNG (compressed natural gas) (b) Bio-gas 

(c) Alcohol (d) Hydrogen. 

The function of a carburettor of an S.I. engine is to control 
(a) A / F ratio ( b ) amount of mixture 

(c) A / F ratio and amount of mixture (d) compression ratio. 

The indicated specific fuel consumption is expressed as the fuel consumed 


(a) per unit time 
(c) per km distance travelled 
The specific gravity of petrol is about 
(a) 0.65 (6) 0.75 

In a carburettor idling system is used 

(a) to compensate for dilution of charge due to residual gases 

( b ) for cold starting 


(6) per hour per unit brake horse power 
(d) per hour per indicated horse power. 


(c) 0.85 


(d) 0.95. 


I 
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WraRNA L COMBUSTION ENGINES 

M for meeting maximum power requirements 
(a) for rapid opening of throttle. 

124. By higher octane number of S.I. engine fuel ,>{«„! , ,, 

(a) high heating value ’ S meant that 4116 has 

fc> higher flash point * ° Wer Volatilit * 

125. The size of inlet valve nf»n • • W onger 'S' 1 ' 4 ’™ delay. 

(a) is more “ ln to exhaust valve 

(c) is same (b) IS ,ess 

126. Indicated horse power of a multicylinder 9 r ^ d6SigD to design - 

(a) Prony brake test - engine can be determined by the use of 

(c) Morse test W motorin S test 

127. Consider the following measures : ^ Wl! ' an ' S Hne method - 

1. Increasing the compression ratio 

2. Increasing the intake temperature 

3. Increasing stroke-to-bore ratio of the cylinder 

4. Increasing the engine speed. 

Sr“ 3 S DeCeSSa,T t0 redUCe the tend ^ * *n°ek in CJ. engines would include 
(0 2, 3 and 4 W 1. 2 and 4 

m , A ;*■*«.»»«d JZl”"° d ‘ 

(c) temperature BHP 

129. The brake specific fuel consmrm«„ r mean effective pressure. 

(a) 0.15 kg/BHP hr ° ° 3 petro1 engine at fuel load is nearly 

(c) 0.25 kg/BHP hr (6) °' 20 kg/BHP hr 

130. Carbon deposits in IP • . «> 0.30 kg/BHP hr. 

«.».i “« c - e "‘"" ™ .r 

(c) combustion duration ‘ ,1 vo,umetrlc efficiency 

131. A 100 cc engine has the following parameter' fmZ ^ 

(a) fuel tank capacity ,,, , cc 

(c) swept volume 6 clearance volume 

132. Air-fuel ratio for idling of an 9 T • . W) ^der volume. 

(a) 5 : 1 (6) 10 1 ' S ap P™*imately 

m ' Srr L» 

sJ?sssr—* -—«■ ■>»«. 

(d) it is just customary to have Ipqq pr i . . 

“■ 2s;—'-i--icrr 
.» 5 . sitrr sraar**— 

(“> at its maximum spIT P10,1 *** bhP h °"T a " aut °mobile engi "e (CJ.) should be run 
U:) at the speed where torque is maximum ^ ^ Where bhp is maxil *ium 

“ " 3 PartiCUl3r ^ ^ 15 ^ tban speed of maximum hhp. 
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137. 


138. 


139. 


140. 


142. 


143. 


™S f 18 a i b6tter 3dditiVe tha “ tetraethyl le ad because 

l TM L h as * ° W6r b ° lllng P0int »> TEL has a lower boiling point 

I ™L has better mixing property (d) TEL has a better mixing property 

As the engine speed increases it is desirable to Property. 

JtffilrZtS 16 lgmt r timing »> ret - d ‘he ignition timing. 

At full throttle operation it is necessary to \ 

(а) advance the spark 

* .. , (o) retard the spark. 

The function of,a distributor in an S.I. engine is to 
(ci) produce the high voltage for sparking 

(б) distribute the fuel to the appropriate cylinder 

S nrn^ th l eXhaUSt gaSGS * fr ° m the ^P^e cylinder 

(d) provide the correct firing order in the engine. 

e pump used for circulating lubricating oil in the engine is 
a) of centrifugal type (5) of plunger type 

141 if TZ T P « any of these 

' woSdt, a 0 Li S of 0 effic. W en“ e f ° r th6 C ° mpletio " ° f an I C ‘ cycle, there 

(a) more in S.I. (6) more in C.I. ( c ) eaual e 

ttrss ,nd -*• * *—■u 

(a) about twice (6) about 1.7 times fc) about 1.9 times (d) nearly equal 
The purpose of venturi in the carburettor is to work as Q 

(a) pump (6) compressor ( c ) eiector e 

Vapour lock is caused due to W) n ° ne ° f these ' 

(a) locking carburettor jets due to high vapour pressure 
(W excess fuel supply to engine due to faster vaporisation 

system^ " P3rtiaI St ° Page ° f fU6 ’ SUpp ^ due 4a the vaporisation of fuel in supply 
(d) supply of liquid fuel particles to engine. 

The octane number of compressed natural gas (CNG) is approximately 
K J (o) 120 ( c ) 37 rw) 77 

The inlet valve closes after BDC for a low speed engine at 

° 10 (6) 30 ° (c) 55" W i . n » 

SbjT**" ° f V ° 1UmetriC effidenc y of a C.I. engine will increase 
(c) bmep ^ brake thermal efficiency 

148. Morse test can be easily applied to determine I.P. of 

(a) single cylinder C.I. engine (6) multi-cylinder S.I engine 

(O single cylinder S.I. engine (d) multi-cylinder C.I. engine 

Diesel engines as compared to petrol engines require 

(a) bigger flywheel (6) smaller flywheel 

M same size of flywheel (d) no flywheel 

The tendency of a petrol engine to knock increases by 
a) reducing the spark advance (6) scavenging 

cJ increasing cetane number of fuel (d) supercharging 

(e) both (c) and (d). h b 


144. 


145. 


146. 


147. 


149. 


150. 
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151. 


152. 


153. 


154. 


155. 


INTERNAL COMBUSTION ENGINES 


(d) bhp. 


156. 


An engine indicator is used to determine the following 
(a) imep (6) bmep ( c ) 

The lubrication system is used to 
(a) lubricate the components (6) cool the components 

ic ) decrease F.P. W ) a n of these. 

with 6ngme C3n be rUD WUh maximura compression ratio about 14 if petrol is substituted 

(a) compressed natural gas (CNG) (6) liquified natural gas (LNG) 

“T, (d) methanol. 

(e) both (a), (6). 

The best method of measuring, F.P. of a single cylinder S.I. engine is 
a Mo ormg (6) Morse test 

(c) Willan s hue method (d) Indicator diagram. 

The maximum brake thermal efficiency of a C.I. engine is about 
“ ?„ (6) 40% 

w 6 ?, % , W) 50% - 

Wankel rotary engine is not generally used because of it has 

(n) nirrh 


157. 


158. 


159. 


160. 


161. 


162. 


(a) high speed 
(c) difficult construction 
Stirling engine is an engine having 
(a) internal combustion 
(c) internal and external combustion 
The catalytic converter is used to control 
(a) B.P. 

(c) oxides of nitrogen 
(e) both (c) and id). 

Gas engines operate on 
(a) Otto cycle (6) Diesel cycle 
Overhead valve engine is also known as 

cll he n ■ a • (b) L ‘ head ™ W 1-head, 

arburettor ,s designed, for operation during cruising range, at air/fuel ratio of 

^ ?. :1 (6)1:16 (0 1:10 W ) s i 

Knocking tendency of a C.I. engine decreases with 


(5) gas leakage problem 
(oO high power. 

(6) external combustion 
(d) any of these. 

(6) I.P. 

(d) hydrocarbon 


(c) Dual cycle 
(c) F-head 


id) Carnot cycle. 
( d ) I-head. 


163. 


164. 


(a) increase in speed 
(c) decrease in compression ratio 
A pre-combustion chamber gives 
(a)'low mechanical efficiency 
(c) high brake thermal efficiency 
Charge stratification permits ' 
(a) high compression ratios 
(c) use of high octane fuel 


(6) decrease in speed 

(d) decrease in jacket water temperature. 

(6) clean exhaust 

id) high volumetric efficiency. 

(6) use of low jacket water temperatures 
{d) use of rich mixtures. 


t, ± . w use oi ricn mixtures. 

' ZTwT rejeCt ‘°“ t0 jaCket Water ° f an I C - en ^ ne - at full-load, is around 

ififi a , (6)15% (0 30% W ) 80% 

166. Air cooling of engines is preferred because 

(a) it is more efficient (6) jt js compact 

(O cooling rate can be controlled (d) none of the above. 
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167. Scavenging efficiency of uniflow scavenging system is around 


168. 


169. 


170. 


171. 


(a) 30% (6) 50% 

Supercharging of C.I. engines leads to 
(a) lower s.f.c. 

(c) more exhaust pollution 
Morse test is meant for 
(a) estimating s.f.c. 

(c) estimating IP 

An engine-indicator gives a plot of 
(a) T-V diagram (6) p-T diagram 
Wankel engine has 
(a) high specific weight 
(c) low s.f.c. 


(c) 10% (d) 75%. 

(6) higher s.f.c. 

( d ) rough engine run. 

(6) estimating volumetric efficiency 
(d) estimating exhaust losses. 


(c) p-V diagram 


id) p-S diagram. 


(6) low frictional losses 
(d) high specific power. 

172 The camshaft of a four-stroke diesel engine running at 1000 rpm will run at 

(a) 1000 rpm (6) 500 rpm (c) 2000 rpm tt> none of the above. 

173. Scavenging is usually done to increase 

(a) fuel consumption (5) speed 

(c) power output W) none ^ ese - 

174. The function of a carburettor in a S.I. engine is to control 

(a) air-fuel ratio (&) mixture of air and fuel 

(c) speed (d) pressure drop between venturi and nozzle tip. 

175. The amount of diesel in a C.I. engine is controlled by 

(a) rack and pinion arrangement (6) throttle 

(c) governor (d) nozzle. 

176. The supercharging in a S.I. engine has a tendency to 

(a) increase knocking (5) decrease knocking 

(c) decrease volumetric efficiency id) none of the above. 

177. The lower heating value of gasoline is in the order of 

(a) 40 000 kJ/kg (&> 44 000 

(c) 50 000 kJ/kg W) 30 000 M/kg. 

178. The function of a decompression lever is to 

(a) start a diesel engine (5) start a petrol engine 

(c) start both diesel and petrol engines (d) none of the above. 

179. The Stirling engine may be called as an 

(a) internal combustion engine (6) external combustion engine 

(c) combination of internal and external .combustion engines 

(d) none of the above. 

180. The most effective method of controlling S.I. engine exhaust emission by 

(a) recirculating exhaust (5) using catalytic converter 

(c) using some additives in the fuel ( d ) none of the above. 

181 In a two-stroke S.I. engine lubrication is done by 

(a) splash system (5) fall pressure system 

(c) mist lubrication system ( d ) dry sump lubrication system. 
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182. 


internal combustion encines 


185. 


186. 



Gas chromatograph is used to measure 
to) oxygen content in the flue gas u ... 

(c) amount of various elements in an alloy J b ° n ' dloxide conte nt in flue gas 

« “tr s i: r~ — 

(a) smoke density measur ement of 

(c) concentration of sulphur dioxide Concentration of carbon monoxide 

• Engine “isfWng is likely to result from V ‘ SC0Slty ° f lubricati “g oil 
to) spark plug gap too small , , 

(c) vapour lock in the fuel line ,1 Spark plug gap to ° wi de 

By advancing the spark timing in a S T • ln “ rTect fue > air mixture. 

(a) increase * * &me » possibility of knock will 

(c) not change ^ decrease 

The inlet valve of a four-stroke cycle I C . ® ^ eMminated - 
to) 235“ (6) 180 „ y I C - englne remains open for nearly 

187. The accumulation of carbon in a cylind ) , 2 °°" «> 275". 

to) clearance volume y d resuUs In “crease of 

(c) effective compression ratio »> ignition delay 

188. In a cycle, the spark lasts roughly for Volume lric efficiency. 

ice) 1 sec 

(c) 0.01 sec 01 sec 

(c) 1-6-2-5-4-3 ^ 1 -3-6-5-2-4 

For low load operation ™r> f ^ ^~b~2-S~3~4. 

w. s.i, ■“» « 

to) a two-stroke engine W) k th ' englne 

Thermal efficiency of a S.I. engine Iperatinn !,^ eqUa,ly good 
(a) higher " ^ on ^ ean mixture is 

ib) lower 

to) independent of mixture ratio 

192. Th e hleher 7 l0W6r depending on engine rating. 

concen ratmn of ox.des of nitrogen in the exhaust of a S.I. engine will be maximum 

W the fuel air mixture is 10% lean m 

193 Tk the fUel air “ ixture is 10% rich (1 Si “I 3ir “ iXtUre is st °ichiometric 

a. - th . d .„ ity „ r -- « - “ -r, _ 

to decreases with increase in temperature 

to : ith increase in te ™ p -ature 

to s independent of change in temperature 

to) increases with temperature to a limit and the a 

temperature. and then decreases with further increase in 
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195. In C.I. engines, ignition accelerators are added to 

(a) increase combustion knock (6) decrease combustion temperature 

(c) decrease cetane number ( d ) decrease chemical and physical delay. 

196. HUCR is the highest compression ratio at which the 

(a) engine can be run ( b ) engine gives maximum power output 

(c) engine is most efficient 

id) fuel can be used in a test engine without knocking. 

197. In a four-stroke cycle engine, the four operations namely suction, compression, expansion 
and exhaust are completed in the number of revolutions of crankshaft equal to 

(a) four (6) three (c) two id) one. 

198. In a two-stroke cycle engine, the operations namely suction, compression, expansion and 
exhaust are completed in the number of revolutions of crankshaft equal to 

(a) four (6) three (c) two id) one. 

199. In a four-stroke cycle S.I. engine the camshaft runs 

(a) at the same speed as crankshaft ( b ) at half the speed of crankshaft 

(c) at twice the speed of crankshaft 

id) at any speed irrespective of crankshaft speed. 

200. The following is an S.I. engine 

(a) diesel engine ( b ) petrol engine 

(c) gas engine id) none of the above. 

201. The following is C.I. engine 

(a) diesel engine ( b ) petrol engine 

(c) gas engine id) none of the above. 

202. In a four-stroke cycle petrol engine, during suction stroke 

(a) only air is sucked in (6) only petrol is sucked in 

(c) mixture of petrol and air is sucked in id) none of the above. 

203. In a four-stroke cycle diesel engine, during suction stroke 

(a) only air is sucked in (6) only fuel is sucked in 

(c) mixture of fuel and air is sucked in id) none of the above. 

204. The two stroke cycle engine has 

(a) one suction valve and one exhaust valve operated by one cam 

ib) one suction valve and one exhaust valve operated by two cams 

(c) only ports covered and uncovered by piston to effect charging and exhausting 

id) none of the above. 

205. For same output, same speed and same compression ratio the thermal efficiency of a two- 
stroke cycle petrol engine as compared to that for four-stoke cycle petrol engine is 

(a) more ib) less 

(c) same as long as compression ratio is same 
id) same as long as output is same. 

206. The ratio of brake power to indicated power of an I.C. engine is called 

(a) mechanical efficiency ib) thermal efficiency 

(c) volumetric efficiency id) relative efficiency. 

207. The specific fuel consumption of a diesel engine as compared to that for petrol engines is 

(a) lower ib) higher 

(c) same for same output id) none of the above. 
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208 


209, 


210 


211 . 


212 . 


213. 


214. 


INTERNAL COMBUSTION ENGINES 

Slowir 1 effidenCy ° f Petr °‘ 6ngine 38 COm P ared *> *«el engine is 
(c) same for same output 7 hl gher 

**»■ i ...llZT ““ 

(c) 16 to 20 ® 7 ‘° 10 

p W) none of" the above 

' (a)7t r o eS iT n rat ‘° ° f diesel enginea may have a 

(c) 16 to 20 .7 10 t0 15 

til j.v i or- . none of the above 

(a) 80 to^L 6 ICI6nCy ° f g0 ° d I C ' 6ngine at thG mted l0ad is in the range of 

(o) 30 to 35% ® 60 t0 70% 

Tn ooc-ov f O T . (d) 10 to 20%. 

SZ * ■“ -M-® a. «... ™ „„„ , imU b « 

/ , (6) rich 

tcj may be lean or rich , ,x , . „ 

The fuel rot; r . chei ™cally correct. 

(a) lean ™ aXl mum power of S.I. engines, should be 

(c) may be lean or rich „ 

In nacjp n f i • w Comically correct. 

n case of petrol engine, at starting 

(a) rich fuel-air ratio is needed , i ^ i . 

(C) chemically correct fuel-air ratio is needed ^ * Deeded 

(a) any fuel-air ratio will do. 


216. 


217. 


218. 


219. 


220 . 


221 . 


222 . 


( b ) Gas engines 
id) none of the above. 

(6) Gas engines 
id) None of the above. 

(6) S.I. engines 
id) Steam engines. 


215. Carburettor is used for 
(u) S.I. engines 
(c) C.I. engines 
Fuel injector is used in 
(a) S.I. engines 
(c) C.I. 

engines 

Very high speed engines are generally 
(a) Gas engines 
(c) C.I. engines 

t q T • w steam 

In S.I engine, to develop high voltage for spark plug 
(a) battery is installed . 

/„\ . ,, . . \ 0 ) distributor is installed 

(c) carburettor is installed 

In S T pnmn 4 - u ■ ignition coil is installed 

in o.I. engine, to obtain required firing order 

(a) battery is installed . .. . . . 

(0 carburettor is installed S mstal,ed 

XT' , -. \d) ignition coil is installed 

or petrol engines, the method of governing employed is 
(a) quantity governing /lx ... 

(O hit and miss governing S ^e fT^ 

T7' r ^ t • . 6 \d) none of the above. 

For diesel engines, the method of governing employed is 
\a) quantity governing ( i \ ... 

( r \ Elf quality govermng 

tc; hit and miss governing /n _ , 6 

Vnl , , . , nmg id) none of the above 

w e 5 ,r:iz “ *“• m,k “ th * •>'* ■**»«■«. ) 

to, 20000 to 25000 
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223. 

224. 

225. 

226. 

227. 

228. 

229. 

230. 

231. 

232. 

233. 

234. 

235. 

236. 


In a 4-cylinder petrol engine the standard firing order is 
(a) 1-2-3—4 (6) 1-4-3-2 

(c) 1-3-2-4 {d) 1—3-4-2. 

The torque developed by the engine is maximum 

(a) at minimum speed of engine (6) at maximum speed of engine 

(c) at maximum volumetric efficiency speed of engine 

(d) at maximum power speed of engine. 

Iso-octane content in a fuel for S.I. engines 

(a) retards auto-ignition (6) accelerates auto-ignition 

(c) does not affect auto-ignition (d) none of the above. 

Normal heptane content in a fuel for S.I. engines 

(a) retards auto-ignition (6) accelerates auto-ignition 

(c) does not affect auto-ignition (d) none of the above. 

The knocking in S.I. engines increase with 

(a) increase in inlet air temperature ( b) increase in compression ratio 

(c) increase in cooling water temperature (d) all of the above. 

The knocking in S.I. engines gets reduced 
(a) by increasing the compression ratio 
(c) by increasing inlet air temperature 
Increasing the compression ratio in S.I. engines 

(a) increases the tendency for knocking (6) decreases tendency for knocking 
(c) does not affect knocking (d) none of the above. 

The knocking tendency in petrol engines will increase when 

(a) speed is decreased (6) speed is increased 

(c) fuel-air ratio is made rich (d) fuel-air ratio made lean. 

The ignition quality of fuels for S.I. engines is determined by 

(a) cetane number rating (6) octane number rating 

(c) calorific value rating (d) volatility of the fuel. 

Petrol commercially available in India for Indian passenger cars has octane number in the 
range 

(a) 40 to 50 (6) 60 to 70 (c) 80 to 85 (d) 95 to 100. 


(6) by retarding the spark advance 

id) by increasing the cooling water temperature. 


Cetane number of the fuel used commercially for diesel engine in India is in the range 
(a) 80 to 90 ( b ) 60 to 80 (c) 60 to 70 id) 40 to 45. 

The knocking tendency in C.I. engines increases with 

(a) decrease of compression ratio (6) increase of compression ratio 

(c) increasing the temperature of inlet air (d) increasing cooling water temperature. 
Desirable characteristic of combustion chamber for S.I. engines to avoid knock is 
(a) small bore ( b ) short ratio of flame path to bore 

(c) absence of hot surfaces in the end region of gas 

(d) all of the above. 

Accumulation of carbon deposits on the cylinder head of an I.C. engine leads to increase 
in ... 

(a) piston displacement (6) clearance volume 

(c) compression ratio (d) swept volume. 
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237. 


INTERNAL COMBUSTION ENGINES 


Which of the following motor cycles has more than one cylinder ’ 

(a) Bullet (6) Yezdi 

(c) fa) Yamah. 

A diesel engine is generally more efficient than a petrol engine because of 
(a) proper air fuel mixing and combustion (6) high calorific value of diesel fuel 
(c) knock-free operation fa) high compression ratio. 

Vapour lock refers to which of the following ? 

(a) Excess supply of fuel to engine (6) Blocking of carburettor jets 

Ur 16 " ° r PSrtial St ° PPage ° f fUel SUppIy due t0 vapourisation of fuel in the supply 

(rf) Supply of air-fuel mixture containing liquid particles. 

White deposits on the face of a spark plug indicates that 
(a) the engine is excessively advanced (6) mixture is too rich 
(c) gap between the electrodes is too large fa) the rating of the spark plug is too high 
The injection presence in diesel engines is of the order of 

(a) 30-40 bar (6) 100-150 bar (c) 170-220 bar 

The ignition temperature of diesel fuel is about 
(a) 200°C (6) 400°C ( c ) 550=0 

In a petrol engine the delay period is of the order of 
(a) 0.001 s (6) 0.002 s ( c ) 0.015 s 

244.is not the effect of detonation. 

(a) Loud and pulsating noise . ( b ) H i g h local stresses 

(c) High operating temperature (d) loss in efficiency and power output 

The ignition quality of a petrol engine fuel is expressed as 
(a) octane number (6) cetane number 

(c) API gravity (d) SAE rating 

246. The use of tetraethyl lead in gasoline is being gradually discontinued since its presence 
(a decreases the engine speed . (6) blocks the catalytic converter 

(c) makes the fuel costly (d) gi ves bad odour 

Which of the following fuels has a cetane number of 100 ? 


238. 


239. 


240. 


241. 


242. 


243. 


245. 



( d) 400-600 bar. 
id) 700°C. 

(d) 0.06 s. 


247. 


248. 


249. 


250. 


251. 


(6) Ethyl fluid 
(d) a-methyl napthalene. 

(6) rich mixture 

id) chemically correct mixture. 


(a) Normal heptane 
(c) Cetane 

During idling a petrol engine requires 
(a) lean mixture 
(c) variable mixture 
Stoichiometric ratio is 

(а) actual ratio of air to fuel for maximum efficiency 

(б) chemically correct air-fuel ratio by weight 

(c) chemically correct air-fuel ratio by volume 

(d) none of the above. 

The capacity of most of the mopads in India is 

fa) 50 CC fa) 150 CC ( e ) 2 00 CC fa) 250 CC 

Due to which of the following reasons diesel engines are preferred for road transport ? 
to) Complete combustion of charge (6) Low operating cost 

(c) Low specific fuel consumption over a large range of load 
id) Easy starting. 
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252. 

253. 

254. 

255. 

256. 

257. 

258. 

259. 

260. 

261. 

262. 

263. 

264. 

265. 

266. 


(d) Silica. 


.is used for the insulating body of a spark plug 

(a) Dolomite (6) Alumina (c) Glass 

The spark advance is usually specified in terms of 
(a) degrees of crank rotation ( b) time in seconds 

(c) engine speed in rev./sec. (d) none of the above. 

In an I.C. engine if intake air temperature increases, its efficiency will 

(a) decrease (b) increase 

(c) remain same (d) cannot be predicted. 

Which of the following statements is incorrect ? 

(а) Petrol engines work on Otto cycle 

(б) For same power output petrol engines occupy more space than diesel engines 

(c) In a four-stroke engine a power stroke is obtained in four strokes 

(d) Thermal efficiency of four-stroke engine is more due to positive scavenging. 

In a diesel engine if one of the cylinders receives more fuel than the others then which of 
the following will happen for that cylinder ? 

(a) Exhaust temperature will be high (b) Exhaust will be smoky 

(c) Piston rings would stick into piston grooves 

(d) Engine will start overheating (e) All of the above. 

The carbon accumulation in an engine cylinder results in 

(a) increase of effective compression ratio ( b ) increase of volumetric efficiency 

(c) increase of clearance volume (d) increase of ignition time. 

The compression ratio in diesel engine is ... in comparison to expansion ratio 
M less (&) more (c) same (d) variable. 

In an automobile the magneto is basically 
(a) d.c. generator (6) a.c. generator (c) transformer 

Scavenging is usually done to increase which of the following ? 

(a) Power output (b) Fuel consumption 

(c) Thermal efficiency (d) Speed. 

For a petrol engine for vehicles the air fuel ratio for maximum power generation is of the 
order of 

8 : 1 (&) 12 : 1 (c) 18 : 1 (d) 20 : 1 . 

In loop scavenging the top of the piston is 

(a) convex shaped (6) depressed (c) slanted (d) contoured. 

Which of the following statements is correct regarding normal heptane ? 

(a) It retards auto-ignition (6) It accelerates auto-ignition 

(c) It helps to resist auto-ignition (d) It does not affect auto-ignition. 

Due to which of the following reasons the piston rings are plated with chromium, cadmium 
or phosphate ? 

(b) To improve heat transfer 
(d) To improve surface finish. 


(d) capacitor. 


{a) To prevent dogging 

(c) To reduce wear and eliminate scuffing 

The specific gravity of diesel oil is 

(a) 0.6 (b) 0.75 

Detonation can be controlled by 

(a) reducing the r.p.m. 

(c) varying compression ratio 


(c) 0.85 


id) 1.2. 


(b) retarding the spar-, timing 
(d) any of the above. 
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INTERNAL COMBUSTION ENGINES 

267. Due to which of the following the tendency of a diesel engine to knock increases ? 

(a) Increase in engine speed (6) Increase in compression ratio 

(c) Increase in octane value of fuel (d) Increase in engine power. 

268. The part load efficiency of a carburettor is 

(a) constant ( b ) maximum ( c ) optimum (d) poor. 

269. ... can work on very lean mixture 

(a) C.I. engine (6) S .I. engine 

(c) Two stroke engine (d) Four stroke engine. 

270. Thermal efficiency of I.C. engine on weak mixture is 

(a) lower (6) higher ( c ) unaffected (d) unpredictable. 

271. Cetane number is the measure of 

(a) viscosity of fuel (&) ignition quality 

(c) calorific value of fuel (d) auto-ignition temperature. 

272. In a S.I. engine an ignition coil performs which of the following functions ? 

(a) Regulates battery voltage (6) Avoids sparking 

(c) Controls spark (d) Supplies high voltage to the spark plug. 

273. ... does not assist in getting higher output from diesel engine 

(a) High fuel air ratio (£>) High compression ratio 

(c) High excess air (d) Fine atomisation of fuel. 

274. Which of the following factors does not promote detonation in S.I. engines ? 

(a) High self ignition temperature of fuel 

(b) Increase in inlet pressure and temperature of charge 

(c) Higher compression ratio (d) Advanced spark timing. 

275. Which of the following statements is correct ? The phenomenon of pre-ignition 

(a) always occurs in petrol engines (6) always occurs in diesel engines 

(c) never occurs in diesel engines ( d ) increases the power output of an engine. 

276. The octane rating of the commercially available petrol in India is 

(a) 15-35 ( b ) 45-55 (c) 60-70 ( d ) 85-90. 

277 .lubrication technique is used for lubrication of the cylinder of a scooter engine. 

(a) Petrol (6) Splash ( c ) Gravity feed (d) Forced feed. 

278. In 4-stroke engines the camshaft rotates at ... the crankshaft speed 

(a) half (t>) three-fourth ( c ) equal (d) double. 

279. Which of the following is the distinctive features of an I.C, engine ? 

(a) Easy and instantaneous starting ( b) High overall efficiency 

(c) Low weight to power ratio 

(d) Combustion and conversion of heat energy into mechanical work occur inside a cylinder 

(e) All of the above. 

280. The minimum number of rings in a piston are 

(a) two < (6) three (c) four (d) six. 

281. ... process is not associated with Diesel cycle. 

(a) Constant pressure (6) Constant volume 

(c) Adiabatic (d) isothermal. 

282. Highest useful compression ratio is the compression ratio at which 
{cl) the engine consumes minimum fuel for a particular power output 

(b) the engine gives maximum power output 
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283. 


284. 


285. 


QUESTIONS BANK (WITH ANSWERS) 

(c) the engine maintains operating pressures and temperatures within prescribed limits 

(d) the engine can operate without detonation. 

A 2-stroke cycle engine as compared to 4-stroke cycle engine 
(a) has lower fuel consumption (6) can be easily started 

(c) is smaller in size for the same output (d) has lesser shocks and vibrations. 

For which of the following engines a prony brake is used to measure brake power ? 

(a) single cylinder engine (6) low speed engine 

(c) low power engine (d) variable speed engine. 

What does scavenging air mean ? 

(а) Burnt air containing combustion products 

(б) Air sent under compression 

(c) Forced air for cooling the engine cylinder 

(d) Air used for forcing the burnt gases out of cylinder during the exhaust period. 

286 .is the basic requirement of a good combustion chamber. 

(а) Low volumetric efficiency 

(б) High compression ratio 

(c) Low compression ratio 

(d) High power output and high thermal efficiency.. 

287 .is the method of governing used in petrol engine 

(a) Quality governing ( b ) Hit and miss governing 

(c) Quantity governing (cD Partial governing. 

288 .is the method of governing used in diesel engine. 

(a) Quality governing ( b ) Hit and miss governing 

(c) Quantity governing (d) Any of the above. 

Hunting occurs due to which of the following ? 

(a) Faulty governor ( b ) Poor-control by the governor 

(c) Over-control by the governor (d) Bad engine design. 

Maximum torque is generated by an engine when 

(a) it runs at lowest speed (6) it develops maximum power 

(c) it consumes maximum fuel (d) it runs at maximum speed. 

With an increase of the number of cylinders in a multicylinder engine the power to weight 
ratio 

(a) decreases (&) increases 

(c) remains unaffected (d) none of the above. 

What will happen if petrol is used in diesel engine ? 

(a) Black smoke will be produced (6) Low power will be produced 

(c) Higher knocking will occur (d) Efficiency will be low. 

What will happen if diesel is fed by mistake in the oil tank of a petrol engine ? 

(a) The engine will not run (5) The engine will knock 

(c) The engine will detonate (d) The engine will give lot of smoke. 

With which of the following tendency of detonation is S.I. engines increases ? 

(a) Increase of compression ratio (6) Decrease of compression ratio , 

(c) Increase of engine speed ( d ) Decrease of engine speed. 

Performance number are . 

(а) indicative of the fuels having anti-knock qualities superior to iso-octane 

(б) indicative of the fuels having anti-knock qualities superior to cetane 



289. 


290. 


291. 


292. 


293. 


294. 


295. 


Visit: www.Civildatas.com 































Visit: www.Civildatas.com 

24 


INTERNAL combustion engines 


296. 


297. 


298. 


299. 


(c) 


starting 


(d) cruising. 


(b) Induction coil 
(d) Fuel injector. 


300. 


(c) indices of efficiency of petrol engines 
W) indices of efficiency of diesel engines. 

a)\t T\ e T ae ' USeS Which 0f the lowing ? 

(а) Gas fuel during start ud and 1 in»;A a i 

( б ) Liquid fuel during start up and g ' S the W ^ 
c Two fuels used in two combustion 

(d) None of the abotve.. 

Lean air-fuel mixture is required for 
(a) idling ( 6 ) acceleration 

...is not a part of petrol engine. 

(a) Air filter 

(c) Value mechanism- ... 

Regarding 2 -stroke engines which of the fell • 1 injeCt ° r ' 

!“> Th«™ 1. Y „ v . „ "“»»>. i. c.™ ? 

J th ' tyl “ d « trough pM, 

( A diesel engine cannot operate on 2-stroke cycle 

S. ■ •* »*-'»**■«"» 

, pw.!-»«»..^ radia 

(c) Throttle valve controls the supply of air . 

(d) Vaccui * at the throat of venturi sucks th f ® 

-■ ofheat supplied in the form of fuel t a /f k ^ ** ^ jet ' 
f a “ S _ 3 4 ‘ Str ° ke 6nglne is carr led away by exhaust 

(a) 3-7 percent ( 6 ) 8- 12 percent (c) 20 o, _ . 

Petrol engines are adjusted to give minimum hratr ? (d) 45-55 Percent. 

(a) no load * mm,m um brake specific fuel consumption at 

(c) about 70 percent of full load ,percent of full load 

Regarding contact breaker which of the foil fUl ’ Ioad ' 

(а) Spark takes place when the points are open' is inc °™<* ? 

( б ) Excessive gas results in rapid burning of points 

Id) P * P ° mtS are genera ‘ly made of tungsten 
..... id) Points are opened by the cam and closed bv th 

304. . .. regulates the pressure strokes in the tenSi ° n ' 

(a) Pump shaft injection pump of a diesel engine 

(c) Lift of plunger (6) Contr °l rack 

305. Which of the following could be the nrohahl ^ vaive ’ 

(a) Low injection pressure 6 ^ aS ° n ° f ; power loss in a diesel engine ? 

(c) Ineffective cooiing 6 Restricted exhaust 

30e ' .. . k. p.„ „ ® 1 ■“*»«. 

Wi Condenser 

(c) Battery (6) Induction coil 

W) Circuit breaker. 


301. 


302. 


303. 
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307. 


308. 


309. 


310. 


Due to which of the following reasons the petrol engines are usually not supercharged ? 
(a) Drop in volumetric efficiency «,) Increased knocking 

(c) Increased specific fuel consumption {d) Power loss. 

.... identifies the anti-knock quality of diesel fuel. 

(a) Octane number (6) Cetane number 

(c) either of the above (d) none of the above. 

Volumetric efficiency of a well designed engine may be in the range 
a) below 20 percent ( 6 ) 30 . 40 percent 

fo) 50-70 percent (d) 75.90 percent. 

The advancing of spark timing in a S.I. engine will 

( 6 ) increase knocking tendency 


311. 

312. 

313. 

314. 

315. 

316. 

317. 

318. 

319. 

320. 

321. 


(d) none of the above. 

( 6 ) mining installations 

(d) supercharging of diesel engines. 


(a) reduce knocking tendency 
(c) not have any effect 
Free piston engines find application in 
(a) gas turbines 
(c) compressed air supply 

In a C.I. engine higher combustion chamber wall temperature will 
a) reduce exhaust temperature ( 6 ) re duce knocking tendency 

(c) increase knocking tendency (d) have no effect. 

... acts as ignition accelerator for C.I. engines fuel. 

(a) Hydrogen peroxide (6) Acetone peroxide 

Mn heptane tf) none of the above. 

Why are fuel ignition accelerators added in C.I, engine ? 

(а) To reduce combustion chamber temperature 

( б ) To reduce combustion knock ( c ) To accelerate combustion knock 

(a) To increase delay period. 

In which of the following engines crankcase explosion occurs ? 

(a) S.I. engines ( 6 ) 4-stroke S.I. engines 

(c) 2-stroke C.I. engines (d) 4-stroke C.I. engines. 

Highest useful compression ratio is the compression ratio at which 
a) an engine operates smoothly ( 6 ) detonation first becomes audible 

(c) an engine can be safely operated 

(d) an engine gives maximum thermal efficiency. 

Crankshafts are generally 
(a) die cast 
(c) forged 

.... has maximum resistance to detonation. 

(a) Alcohol (6) Benzene 

Why are oil rings slotted ? 

(a) To minimise friction 
(c) To reduce the bulk 

«) To provide an escape for the oil that the slot edges cut from the cylinder wall. 
In isochronous governors the speed drop is 

(a) zero ( 6 ) 5 percent (c) 30 percent W) 50 percent, 

xne top nng nearest to the piston crown is known as 
(a) compression ring (ft) 0 ji ring 

(c) scrapper ring (rf) groove ring. 


( 6 ) sand cast 

(d) turned from bar stock. 


(c) Toulene 


(d) Iso-octane. 


( 6 ) To remove oil from cylinder 
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zo INTERNAL COMBUSTION ENGINES 

322. A diesel engine as compared to petrol engine (both running at full load) is 

(a) less efficient (6) more efficient 

(c) equally efficient (d) none of the above. 

323. The level of oil in engine cylinder should be checked when the engine is 

(a) running (a) not running (c) during starting (d) during cranking. 

324. Endurance for I.C. engines is conducted for 

(a) 200 hours (6) 300 hours (c) 400 hours (d) 500 hours. 

325. Movement of air inside engine cylinder does not help in 

(a) reducing noise ( b ) mixing of fuel with air 

(c) distribution of fuel ((f) reduction of after burning. 

326. What is swirl in C.I. engines ? 

(а) Circular motion imparted to suction air 

(б) Radial motion imparted to fuel-air mixture 
(c) Directional movement of fuel spray 

(gO Circular motion imparted to gases after combustion. 

327. In a C.I. engine squish is created 

(a) towards the end of compression stroke (6) at the end of suction stroke 
(c) at the beginning of suction stroke ( d ) during combustion. 

328. An increase in the mean effective pressure of a diesel engine with fixed compression ratio 
can be obtained with increase in 

(a) cut off ratio (6) engine speed 

(c) back pressure (d) charge density. 

329. By which of the following a 2-stroke engine is usually identified ? 

(a) Absence of valves (6) Size of flywheel 

(c) Location of fuel tank ( d) Weight of engine. 

330. The knocking tendency in S.I. engines can be decreased by 

(a) adding benzole (6) decreasing compression ratio 

(c) controlling ignition timing (d) adding dopes (like tetraethyl lead etc.). 

331. Due to which of the following injection lag in diesel engines is caused ? 

(a) Leakage past the fuel-oil plunger (6) Compressibility of fuel 

(c) Expansion of fuel-oil discharge lines under high pressure 

( d ) All of the above. 

332. For reducing wear and eliminate scuffing, the piston rings are 

(a) lubricated ( b ) made of cast iron 

(c) provided with stepped groove ( d ) plated with chromium or cadmium. 

333. Due to which of the following reasons a diesel engine gives a smoky exhaust ? 

(a) Water in the fuel ( b ) Fuel injection is late 

(c) Fuel is not distributed equally to all the cylinders 

(d) Exhaust valve receives too much lube oil 

(e) All of the above. 

334. Compared to a diesel engine the compression ratio in petrol engine is kept low because 

(a) engine design becomes simpler (6) it provides fuel economy 

(c) petrol engine is a light engine 

(d) higher compression ratio (in petrol engine) would lead to pre-ignition of fuel. 
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335. 


336. 


337. 


338. 


339. 


Compared to petrol engines, diesel engines require 

(a) smaller flywheel (&) bigger flywheel 

(c) same size flywheel id) no flywheel. 

Free acids in diesel oil for diesel engine leas to which of the following ? 

(a) Excessive fuel consumption (6) Deposition on engine parts 

(c) Damaging of both the storage tank and the engine 

( d) Excessive engine wear. 

Which type of cleaner in case of diesel engines is most effective ? 

(a) Wet type ( b ) Dry type (c) Oil bath type (d) Whirl type. 

What happens when cooling water temperature in petrol engine is increased ? 

(a) The knocking tendency increases (6) The knocking tendency decreases 

(c) The knocking tendency remains unaffected 

0 d ) Unpredictable. e ,. 

In a petrol engine .... gas gets exhausted out without burning and without transformation 


(a) CO 


(6) CO, 


(d) 0 2 


341. 


342. 


(c) Nitrogen 

340.smooths out power impulses from an I.C. engine 

(a) Flywheel (6) Gear box (c) Governor (d) Crankshaft. 

What is the advantage of reversing the flow 6f air in an air cleaner ? 

(a) The velocity of air is increased (&) The velocity of air is reduced 

(c) The air flow is increased 

(d) A large percentage of foreign matter is thrown out. 

In scooters fins are provided over engine cylinder for 
(a) good appearance higher efficiency 

(c) higher strength of cylinder (d) better cooling. 

343. Which of the following systems of lubrication is used for motor cycles and scooters ? 
(a) Wet sump method (&) Splash lubrication 

(c) Forced lubrication system 
{d) Mixing about 5 percent lub. oil with petrol. 

How can the ignition timing of a multicylinder petrol engine be adjusted ? 

(a) By adjusting ignition coil position (b) By rotating the crank 

(c) By rotating the distributor W) By adjusting the spark plug gap. 

In I.C. engines leakage past the piston rings and valves .with increase in speed. 

(o) decreases (» increases 

(c) remains same «> none ° f the above ' 

Why are the exhaust pipes of engines covered with insulating material ? 

(a) To conserve heat (» To keep the exhaust pipes warm 

(c) To reduce heat transfer to the engine room 

(d) To increase the engine efficiency. 

A fuel will detonate less if 

(а) it has constant self ignition temperature 

(б) it has lower self ignition temperature 

(c) it has higher self ignition temperature 

(d) none of the above. 

Why are the pistons usually given a coating (e.g. tin coating) ? 

(a) To increase lubrication effect (6) To conduct heat efficiently 

( c ) To reduce weight W) To reduce possibility of scoring. 


344. 


345. 


346. 


347. 


348. 
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internal combustion ENGINES 


349. For preventing knock in S.I. engines the u 

fa) rich mixture ’ cba **j e away from spark plug should have 

(c) long- ignition delay ^ ow temperature 

(e) all of the above. low density 

350. Due to which of the following violent o j 

5ZSL —-'•» ■ c. ,„ gl « 

fa) Detonation (6) Heav y supercharging 

351. By Which of the following air is atlm ,r e . W) Heav y turbulence, 

fa) A centrifugal blower 16 ln a nat urally aspirated diesel engine ? 

fa) Forced chamber A su P er charger 

*“■ j ? 4 ~~ *— 

oro rj . W Gasoline rw. 

353. By installing a supercharger on a 4-stroke 1 , T «> oil 

power can result in. a 4 stroke cycle diesel engine u pto percent Ine 

fa) 20 .i. pro....percent increase in 

off j j (oj 40 * _ 

n engines supercharging is essential. ° (d) 10a 

ore r> manne (6) petrol , . . 

355. By which of the following methods diesel . mLT u W) diese] - 

fa) Adherence to proper fuel sDerifW ' “ k Can be red uced ? 

fa) Avoidance of overloading '° n fa) Using additives in the fuel 

AJ1 ° f the above - ^ Educing maximum flow of fuel 

The exhaust valve of an engine is in cf • 

(a) smaller *** n Slze m comparison to inlet valve. 

(c) same (b) bigger 

357. On which of the following cycles are nwwi from design to design, 

fa) Two stroke cycle )gb s P eed engines experated ? 

(c) Diesel cycle * Carnot cycle 

358. Aluminium alloy is usually used to make en5 ^ ^ 

(a) wears less ak en £mes pistons because it 

(o) is stronger Rd lighter 

359. With which of the following engines is thp i® abS ° rbs shocks - 

(a) Aero engines tem scav enging associated ? 

0rt ^ ***<& efficiency engines ^ Diesel engines 

60 * The ra ting of a diesel engine will W N ° ne ° f the above - 

fa) increase parabolically * h ' nC ^ Se in air-inlet temperature 

fa) decrease parabolically 6 lncrease linearly 

6X. Which of the following statements is correctFo-T* 

, ‘^ el c f ,e is m ore efficient than Otto cycle ^ S3me com P ressi <>n ratio 
(o) Otto cycle mom cr • LC0 c y c ie 

fa) Both dto el and o to ? di6Sel Cyde 

fa) CompresSn "atio 1 “ ? eqUally eff!cient 

332. Due to which of theln ^ With ^oiency. 

fa) Clogged air-inlet slots'”" 6 C ° mpressjon j° ss ™ I-C. engines occurs ? 

(c) Leaking piston rings Use of thick bead gasket 

(d) All of the above. 
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363. 


364. 

365. 

366. 


367. 

368. 

369. 

370. 

371. 

372. 

373. 

374. 

375. 

376. 

377. 


An engine indicator is used to determine 
fa) temperature (6) m.e.p. and IP. 

c speed (d) volume of cylinder. 

, , o^r Shaft ° f 3 4 ‘ stroke I C - en ^ ne running at 2000 r.p.m. wifi run at 

fa) 1500 r.p.m. fa) 1000 r.p.m. (d) 500 r.p.m. 

In a cycle the spark lasts for 2 

fa) 0.001 s (ft) 0.01 s fa) 0.1 s id) i s . 

mg'?- Ch ° f the following is the air pressure produced in the crankcase method of scaveng- 

fa) Natural aspiration (6) Movement of engine piston 

fa) Supercharger (d) None of the above. 


AUTOMOBILE ENGINEERING 

. is not the material for automobile pistons 

fa) Cast iron (6) Cast steel 

fa) Steel forgings (d) Aluminium alloys. 

y w ic o the following methods are automobile connecting rods mass produced ? 
fa) D.e eaatmg (6) Forging 

f. ° ea ng fa) Fine sand casting. 

Most cars have ...... engine. 

fa) free piston (6) rotary Wankel 

wk-T 0 Str ° 6 C ^ 6 . W) four stroke cycle. 

Which of the following types of car batteries are generally used in India ? 

kead ‘ ac,d batter y (6) Dry battery 

fa) Nickel-cadmium battery (d) Nickel-iron battery. 

An automobile engine is usually mounted at 

fa) two points (6) three points 

° Ur P ° intS fa) five points. 

Which of the following statements regarding four-wheel drive is correct ? 
a) All the four wheels are powered (6) All the four wheels can be steered 

fa) Veh.de has four wheels (d) None of the above. 

In the differential unit of a passenger car the gear ratio is of the order of 

batt • (6) V 1 fa) 8 : 1 (d) io : i. 

. bat teries are generally used in automobiles 

(a) 6 V (b) 12 V fa) 24 V (rf) 48 V 

Which of the following acids is used in automobile battery » 
fa) Hydrochloric acid (b) Nitric add 

fa) Sulphuric acid W) Any of the above. 

muUiSliir h en 0 int e ? f ° I,0Wing 3Ut0m ° bi,e engines are usaa »y designed as 

e /^ c ^ ency (h) Lower fuel consumption 

(c) Better balance, uniform torque output (d ) None of the above 

Due to which of the following reasons engines are usually rubber mounted ? 

(а) Io prevent road shocks from reaching the engine 

(б) To reduce the transmission of vibration between the engine and body 
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INTERNAL COMBUSTION ENGINES 

(c) To prevent flow of electricity between the engine and body 

(d) To prevent the heat from passing between the engine and body. 

378 .S ear boxes are used in four wheel drive. 

Two (?>) Three ( c ) Four (d) Six. 

379. Which automobile car engine has three cylinders ? 

^ S ‘ andard (*) Ambassador (c) Maruti-800 (d) Premier Padmini. 

dBO. The drive from the gear box to the near axle is taken by. 

(o) clutch (b) universal joint 

(e) propeller shaft <d) differential gear. 

1. Where is the Hooks joint used in an automobile car ? 

(a) Between gear box and propeller shaft (6) Between flywheel and clutch 

(c) Between differential gear and wheels id) Between clutch and gear box. 

382. is the part of the vehicle which holds the passengers and the cargo to be transported 

(a) Hull (6) Cabin (c) Chasis (d) Aft. 

383. In V-8 engine there are . exhaust manifolds. 

(a) two ( b ) three ( e ) f our (rf) six 

38 ^.usually used to drive engine dynamo. 

(a) Gear drive (b) chain drive 

(c) V-belt drive (rf) Flat belt drive. 

385 . is generally provided with four wheel drive. 

(a) Metador (h) Padmini car 

(c) Ambassador car (d) Jeep. 

386 . 13 commonly used antifreeze solution in automobiles. 

(a) Fre-on-12 (6) Liquid ammonia 

. id) Carbon disulphide. 

J87. The dynamo in an automobile 

(a) converts mechanical energy into electrical energy 

(b) continually recharge the battery 

(c) acts as a reservoir of electrical energy 
id) supplies electric power. 

388. What is wheel base of a vehicle ? 

(a) It is Width of tyres (6) It is the distance between front tyres 

(c) It is the distance between front and rear axles 

(d) It is the extreme length of the vehicle. 

389. Which of the following is the diesel engined vehicle ? 

(a) Maruti (6) Premier Padmini 

(c) Standard Gazel (d) None of the above 

390. The number <of cylinders in a Ambassador car is 

(a) 3 (W 4 (c) 6 (d) 8. 

391 . is not a Part of the hydraulic braking system. 

(a) Wheel cylinder (ft) Master cyHllder 

(c) Steering mechanism (d) Brake pedal. 

392. What is the efficiency of hydraulic braking system ? 

(a) 20 to 30 percent (fc) 40 to 50 p ercent 

(c) 65 to 75 percent (d) about 90 percent 
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393. What is the efficiency of mechanical brakes ? 

(a) 25-35 percent (b) 60-7Q percent 

(c) 90-95 percent id) 100 percent. 

394. When does an automobile type wear rapidly ? 

(a) if it is incorrectly inflated (&) if it is misaligned 

(c) if it is overloaded 

(d) if it is more frequently subjected to braking 

(e) any of the above. 

395. On which of the following brake lining is mounted ? 

(a) Master cylinder ib) Wheel cylinder 

(c) Brake shoe id) Brake drum. 

396. ...tractor has an air cooled engine. 

(a) HMT (6) Eicher (c) Hindustan id) Ford. 

397. Chetak slippage while clutch is engaged is particularly noticeable 

(a) during braking ib) at low speed 

(c) during idling id) during acceleration. 

398. Radiator tubes are generally made of 

(a) cast iron ( b ) steel (c) plastics 

399. Automobile gears are generally made of 

(a) cast iron (6) stainless steel (c) alloy steel 

400. ...is used to check the state of charge of a battery. 

(a) Battery charger (6) Hygrometer 

(c) Hydrometer id) Battery eliminator. 

401. The level of electrolyte in automobile's battery should be 

(a) exactly at the level of the plates (6) 5-10 mm below the top of plates 

(c) 15 mm below the top of plates id) 10-15 mm above,top of plates. 

402. Which could be the probable cause for hard steering in a vehicle ? 

(a) Excessive castor (b) Bent wheel spindle 

(c) Low tyre pressure id) Tie rod ends tight 

(e) Any of the above. 

403. With which of the following the term master cylinder is associated ? 

(a) Starting mechanism (&) Cooling cylinder 

(c) Steering mechanism id) Braking starting. 

404. Odometer is an instrument used for 

(a) smoke analysis ib) B.P. measurement ■ * j 

(c) distance measurement id) any of the above. ! 

405. In automobile engines a thermostat is provided for 

(а) regulating the temperature of suction air 

(б) regulating the temperature of lubricating oil 

(c) controlling the temperature of the cooling system 
id) regulating the temperature of exhaust gases. 

406. What will happen if there is no king pin offset in a vehicle ? 

(a) Braking effort will be high (6) Starting steering effort will be zero 

(c) Starting steering effort will be high id) Wobbling of wheels will increase. 


id) brass. 
id) mild steel. 


Jt 
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407. Dynamo in automobile is a 

(a) shunt generator ,, N 

(0 either of the above J 86068 

~ s ^—> 


409. 


410. 


411. 


412. 


413. 


414. 


416. 


417 


418. 


419. 


420. 


421. 


(a) Treatment of exhaust gases 
(c) Fuel modification 

Automobile horns are . type. 

(a) sinusoidal and digital 
(c) wind cone and discone 


(b) Modification of engine design 
(d) All of the above. 


(6) primary and secondary 

On which of"thTfch” vehicIes power as ( s t t a e 7,° r f a ‘ he ab ° Ve ft 

(а) Slow speed vehicles 7 0ften pr0vided ? 

(c) Motor cycles ,* 7 avy duty vehicIes 

What is the tilt nf Alr cooled engine vehicles. 

XUS? the * wheels from the :r‘ icai ra]ied ? 

(c) Castor - , Camber, wheel rake 

m ,,,k *. «.*. rfd „. r . n6 „ ” f “>* • h ~ 

(o; It allows rear wheel movement 

(б) It permits two rear wheels to have fiexibilifv nf , 

(c) It permits two rear wheels to run independently ^ ’ WhenCVer U is re ^ uired 

A telZtT ^ 1 Pr ° PelIer Sh3ft t0 Suit the requirement of wheel axes 

(C) e5 a ;r ^ Pr ° Vid6d f0r aut °7 biles | ndicates temperature of ' 

(c) air Rnrrnnn^inn j- . W “S’” 6 cylinder walls 

kc) air surroundmg radiator 

...is a front wheel drive. JaCket C °° lmg Water ' 

(a) Standerd gazel 

(0 Premier Padmini 2 A T 7 

41S „„ j . , .. W Ambassador car. 

Th. „. Wly of low „d1 ~dta» poworod «*. . 

three (c) fnnr . 

The clutch is located between the engine and (< ° S “' 

(a) universal joint /** 

(c) gear box ^ dlfferential ^ar 

rpi j • • . , rear axle. 

The driving wheels of a vehicle are carried by 
(a) crank and slider ,/ , , 

(c) axles * crankshaft 

What in propeller shaft, 

wnat is the maximum pressure intensity which th* * « 

being damaged ? y mCh th clutch facing can withstand without 

(a) 20 kPa (6) 50 kPa fc) I 5 n up 

Which type of engine should be used where the overtead , ® 5 °° 

(a) Radial engine wnere the overhead clearance is small ? 

(O V-type engine J Z**™ 1 T™ 

Regarding a torque convertor which of the follow! "Tf “Tv 

““"""r”2"Z“ 7 

{b) The 0l] ls dnven by the impeller unit 
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(c) The blades have a curved shape 

id) The stator unit redirects the flow of oil to the impeller. 

422. Engine and braking torque cause 

(a) lateral bending of side members (6) longitudinal torsion 

(c) distortion of frame to parallelogram shape 
id) bending of side members in vertical plane. 

In a tractor the springs provided for the rear wheels are \ 

(a) helical springs (&) ] ea f spring 

^ ^ 01 * ^ W) no springs are provided. 

Which type of springs is widely used for suspension in light and heavy commercial vehicles ? 
(a) Semi-elliptic leaf spring (6) Tapered leaf spring 

(c) Coil spring (d) None of the above. 

The word castor is associated with which of the following ? 

(a) Transmission system (b) Braking system 

(c) Front axle alignment (d) None of the above. 

What is the requirement of a good steering system ? 

(o) It should provide directional stability (6) It must be accurate and easy to handle 
(c) It should require minimum efforts to steer 
id) All of the above. 

427. A suspension system is employed to 

(a) safeguard occupants from road shocks 

(b) keep the vehicle stable in pitching or rolling, while in motion 

(c) check the road shocks being transmitted to the vehicle components 

( d ) all of the above. 

The front wheel drive as compared to rear wheel drive 

(a) requires longer propeller shaft (6) gives better riding performance 

(c) has a greater skidding tendency 

(d) provides increased tractive effort when going up steep gradient. 

On which of the following vehicles two speed reverse gear arrangement is generally 
provided ? 

(a) Jeep and military vehicles (6) Tractors 

(c) Cars (d) jsjone 0 f the above. 

®.gears are not used in the final drive gearing system, 

(a) Spur (6) Straight bevel 

(c) Hypoid (d) Spiral. 

A shackle with a leaf spring 

(a) prevents squeaking sound ( b ) allows the spring length to change 

(c) provides good traction ( d ) allows pivoting of spring end. 

What is the disadvantage of the radial ply tyre as compared to cross ply tyre ? 

(a) Uneven braking ( b ) Higher cornering power 

(c) Lower rolling resistance (d) Uncomfortable ride at low speeds. 

For cars which is the most popular manual steering gear ? 

(a) Worm and nut type (6) Worm and wheel type 

(c) Cam and roller type (d) Rack and pinion type. 

A brake lining is usually made of 

(a) fabric (6) leather ( c ) cork (d) asbestos. 


428. 


429. 


431. 


432. 


433. 


434. 
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INTERNAL COMBUSTION ENGINES 


435. The brake bleeding system serves to free the system from 

(a) excess pressure ( b ) excess fluid ( c ) air (d) none of the above. 

43G. Circumferential grooves are provided on automobile tyres to 

(a) reduce danger of skidding (6) increase load carrying capacity 

(c) prevent good traction (, d) all of the above. 

(B) Match List I with List II and select the correct answer using the codes given 
below the lists. 

List II 

1. Maruti 

2. Tata 

3. HMT 

4. Hero 


437. List I 

A. Farm equipment 

B. Public conveyance 

C. Passenger car 

D. Good transportation 
Codes : 


438. 


A B C D 

(a) 2 4 3 1 

(b) 3 4 1 2 

(c) 1 2 3 4 

(d) 1 3 4 2 

List I 

A. Combustion process at constant 
volume occurs in 


List II 

1. Auto-ignition 


439. 


2. Combustion knock 

3. S.I. or otto cycle 


4. C.I. or diesel cycle 


B. Combustion process at constant 
pressure occurs in 

C.i n the I.C. engines is produced 

by the spontaneous combustion 
or auto-ignition of an appreciable 
portion of the charge 

D.temperature of an air fuel mixture .. ____ 

is the lowest temperature at which chemical reaction proceeds 
at a rate sufficient to result eventually 
in inflammation 

Codes : 

A B C D 

(a) 3 4 2 1 

(b) 12 4 3 

(c) 1 3 2 4 

(d) 4 2 3 1 

List I 

A. The principal source of exhaust 
CO is...corhbustion 


List II 

1. Nozzle 


B. ...distribute the air or the air and 2. Engine power 

fuel to the various cylinders of 

multicylinder engines 

C. Supercharging permits more fuel 3. Intake manifolds 

to be burned and is practical means 

to greater. 
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D. For diesel engines the fuel injection 
system usually consists of a pump 


fuel line, and.. 



Codes : 





A 

B 

c 

D 

(a) 

4 

3 

2 

1 

(6) 

2 

1 

4 

3 

(c) 

2 

3 

1 

4 

id) 

3 

4 

1 

2 

440. 

List I 



A. Bicycle 




B. Compressor 



C. Scooter 




D. Tractor 




Codes : 





A 

B 

C 

D 

(a) 

1 

2 

4 

3 

(6) 

2 

3 

1 

4 

(c) 

2 

1 

4 

3 

id) 

3 

4 

2 

1 

441. 


List I 



A. Spark plugs are usually located near 

.so that flame progresses towards 

the cooler part of combustion chamber. 

B.refers to complete or partial stoppage 

of fuel supply due to vapourisation of 
fuel in the supply line. 

C. Under idling conditions the throttle 

valve of a petrol engine is more or 
less closed. That provides. 

D. The probable reason of power loss in 

a diesel engine is. 


442. 


Codes ; 

A B C D 

(а) 1 2 4 3 

(б) 3 1 4 2 

(c) 2 3 1 4 

(d) 2 4 3 1 

List I 

A.regulates the pressure stroke in 

the fuel injection pump of a diesel 
engine. 

B. A normal diesel engine will need 
minimum changes if made to run 
on. 


4. Rich mixture 


List II 

1. Kirloslar 

2. Atlas 

3. Escorts 

4. Bajaj 


List II 

1. Vapour lock 


2. Low injection pressure 


3. Exhaust valve 


4. Rich mixture 


List II 

1. minimum 


2. carburettor 
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C. Maximum power air fuel ratios 

re ^ uire .spark advance 

The...atomises and mixes the fuel 
with the air flowing to the engine. 


Codes : 
A 

B 

C 

D 

(a) 

1 

2 

3 

4 

(b) 

2 

.3 

4 

1 

(C ) 

4 

3 

1 

2 

( d) 

4 

3 

2 

1 


internal combustion engines 

3. kerosene 

4. control rack 


C. COMPETITIVE EXAMINATIONS QUESTIONS (With „ 

«>■ «, ° NS *«■ 

' l " bi “* «• ™pi«, ..d light i„»»ighT g " 

2. Complete expansion of working substan™ ; 

turbines. g substan <* * possible m I.C. engines and not in gas 

3. There is flexibility in the design of diflfhrpnf 
processes take p]ace in differentcomponTnTs C ° mp0nents of gas Chines as different 

4. Even low grade fuels can be burnt in gas turbines 

Of these statements mnes ' 

(a) 1, 2 and 3 are correct .... . „ 

(O 2, 3 and 4 are correct ( l I and 4 are “ rrect 

444 i “™“ — -* 4 s?,:r, ,ESE ,99si 

2. Increased speed. 

4 In air fueI ratio beyond stoichiometric strength 
4. Increased compression ratio. ^ 

Ses? 6 COrreCt anSWer USing the c °des given below : 

(a) 1 and 3 

(c) 1. 2 and 4 (6) 2 and 4 

445. Consider the following statements : (< ° 1 *** 4 ' [ESE 1993] 

I. The performance of an S.I. engine can ho 1 ™^ , , . 

II. Fuels of higher octane number can be emni °T l. lnCreasmg the compression ratio. 
Of these statements employed at higher impression ratio. 

(a) both I and II are true . t , _ 

(c) I is true but II is false , th / and 11 are false 

446. Besides mean effective pressure, the data needed f ^ " iS ^ [ESE 199 3J 

an engine would include ded for deter mimng the indicated power of 

(i) S° n d iameter ’ i6ngth ° f Str0ke md ilorific value of fuel 

“ -« d -»«»- te,». , ESE 1M3] 
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447. 


Which one of the following curves is a proper representation of pressure differential (y-axis) 
vs velocity of air (x-axis) at the throat of a carburettor ? 






(a) 


(b) 


Fig. 1 


(c) 


(d) 


448. 


450. 


[ESE 1993] 

automobile C.I. engine, for conditions of increasing engine speed match List I 
with List II and select the correct answer using the codes given below the lists : 


List I 

(Performance parameter) 

A. Power output 

B. Torque 

C. Brake specific fuel consumption 


Codes : 
A 


List II 

(Tendency qualitatively) 

1. Increasing and then increasing 

2. Decreasing and then increasing 

3. Increasing throughout the range 

4. Decreasing throughout the range 


(a) 

(b) 

(c) 
id) 


B 

2 

4 

3 

1 


C 

3 

3 

4 
2 


449. 


7 [ESE 1993] 

atch List I with List II and select the correct answer using the codes given below the lists : 

Uni r - . __ 


List I 

A. Pre-combustion chamber 

B. Turbulent chamber 

C. Open combustion chamber 

D. F-head combustion chamber 


Codes : 
A 


List II 

1. Compression swirl 

2. Masked inlet valve 

3. Spark ignition 

4. Combustion induced swirl 

5. M-chamber 


(a) 

(b) 

(c) 

(d) 


B 

5 

3 

3 

1 


C 

3 

5 

1 

2 


D 

2 

2 

5 

3 


_ ' ", 7 v [ESE 1993] 

Match List I with List II and select the correct answer using the codes given below the lists : 
List I List II 

(S.I. Engine problem) (Characteristic of fuel responsible 

for the problem) 

1. Front end volatility 

2. Mild-range volatility 

3. Tail end volatility. [ESE 1993] 


A. Cold starting 

B. Carburettor icing 

C. Crankcase dilution 
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Codes : 

A 

(а) 1 

( б ) 1 

(c) 2 

W) 3 


B 

2 

3 

3 

1 


C 

3 

2 

1 

2 


*451. 


Match List I and List II and select the correct answer using the codes given below the lists : 


452. 


453. 


List I 

(Elements of a complete carburettor) 

A. Idling system 

B. Economiser 

C. Acceleration pump 


D. Choke 
Codes : 
A 


List n 

(Rich-mixture requirement) 

1. To compensate for dilution of charge 

2. For cold starting 

3. For meeting maximum power range of 
operation 

4. For meeting rapid opening of throttle / 


(а) 

(б) 

(c) 

(d) 


B 

2 

3 

3 

1 


C 

3 

4 
4 
2 


D 

4 

2 

1 

3 


[ESE 1993] 

ESE 1996 

Consider the following statements regarding n-cetane : 

1. It is a standard fuel used for knock rating of diesel engines 

2. Its chemical name is rc-hexadecane 

3. It is a saturated hydrocarbon of paraffin series 

4. It has long carbon chain structure. 

Of the above statements : 

(a) 1, 3 and 4 are correct ' ( b ) 1, 2 and 3 are correct 

(c) 1, 2 and 4 are correct ( d ) 2, 3 and 4 are correct. 

List I gives the different terms related to combustion while List II gives the outcome of the 
events that follow. Match List I with List II and select the correct answer using the codes 
given below the lists : 


List I 

List II 

A. Association 

1. Pseudo shock 

B. Dissociation 

2. Knock 

C. Flame front 

3. Endothermic 

D. Abnormal combustion 

4. Exothermic 

Codes : 



(a) 

C b) 

(c) 

id) 


A 

3 

4 

3 

4 


B 

4 

3 

4 
3 


C 

1 

1 

2 

2 


D 

2 

2 

1 

1 
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*454, Which one of the following engines will have heavier flywheel than the remaining ones ? 

(a) 40 H.P. four-stroke petrol engine running at 1500 rpm 

(b) 40 H.P. two-stroke petrol engine running at 1500 rpm 

(c) 40 H.P. two-stroke diesel engine running at 750 rpm 

(d) 40 H.P. four-stroke diesel engine running at 750 rpm. 

455. Consider the following statements : 

Knock in the S.I. engine can be reduced by 

1. supercharging 

2. retarding the spark 

3. using a fuel of long straight chain structure 

4. increasing the engine speed 
Of these statements : 

(a) 1 and 2 are correct (6) 2 and 3 are correct 

(c) 1, 3 and 4 are correct id) 2 and 4 are correct. 

456. Consider the following statements : 

The injector nozzle of a Cl engine is required to inject fuel at a sufficiently high pressure 


457. 


in order to 

1. be able to inject fuel in a chamber of high pressure at the end of the compression stroke 

2. inject fuel at high velocity to facilitate atomisation 

3. ensure that penetration is not high 
Of the above statements : 

(a) 1 and 2 are correct (&) 1 and 3 are correct 

(c) 2 and 3 are correct id) 1, 2 and 3 are correct. 

Match List I with List II and select the correct answer using the codes given below the lists : 


List I 

(S.I. engine operating mode) 

A. Idling 

B. Cold starting 

C. Cruising 

D. Full throttle 
Codes : 


List II 

(Desired air-fuel ratio) 

1. 13.0 

2. 4.0 

3. 16.0 

4. 9.0 


A 

B C 

D 

(a) 4 

3 2 

1 

(6) 2 

4 1 

3 

(c) 4 

2 1 

3 

(d) 2 

4 3 

1. 

Compensating jet in 
because 

a carburettor supplies almost constant amount of petrol at all speeds 

(a) the jet 

area is automatically varied depending on the suction 

(6) the flow from the main jet is diverted to the compensating jet with increase in speed 


(c) the diameter of the jet is constant and the discharge coefficient is invariant 

(d) the flow is produced due to the static head in the float chamber. 


I 

i 


i 
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459. 


In the context of performance evaluation ofTPTw . , r , T 
the correct answer using the codes given taL lifted ^ ^ 1 With Ust 11 and select 


List I 

(Parameter) 

A. Brake power (B.P.) 

B. Engine speed 

C. Calorific value of fuel 

D. Exhaust emissions 
Codes : 


List II 

(Equipment for measurement) 

1. Bomb calorimeter 

2. Electrical tachometer 

3. Hydraulic dynamometer 

4. Flame ionisation detector 


(a) 

(b) 

(c) 

(d) 


A 

3 

4 
3 
2 


B 

1 

2 

2 

3 


C 

2 

1 

1 

4 


D 

4 

3 

4 

1. 


460. 


461. 


462. 


463. 


464. 


Consider the following statements : 

the turbine by burning,'more fuelfs useT toTncrease^’ r6heating the exhaust § as from 

1. thrust 1 ^ 

2. the efficiency of engine 

3. the range of aircraft 
Of these statements : 

(a) 1 and 3 are correct 1 . _ 

(O 2 and 3 are correct ,1 ! ^ 2 are correct 

In a turbojet engine, subsequent to heat aHH t ’ f 3 "" C ° rreCt ' 

output, the working substance is expanded hf e ° mpre8sed air ' to got the power 

(a) turbine blades, which is essentially an isentropic process 

c) exU Zzl h'f iCh " eSSentia " y M is ° thermal P™“ss 

(c) exit nozzle, wh lc h IS essentially an isentropic process 

(d) exit nozzle, which is a constant volume process 

Th?c„ th K f °! l0Wi ^ Statements rela Hng to rocket engines ■ 

1. The combustion chamber in a rocket eno-in^ 

supersonic wind tunnel g S direct y analogous to the reservoir of a 

3 S a p g ! at t i0n r aditi0as exist at combustion chamber 

or in jet engmes 

(a) 1, 3 and 4 are correct 0 0 , , 

• (0 1, 2 and 3 are correct ,1 ’ ^ , . *** C ° rrect 

““ -» h Propelled 'SPACE' ~ 

(a) they can generate very high thrust th) tu* u , ■ , 

(c) these engines can work on several fuels 2 ! 1 S pr0pulsion efficiency 

Items given in List I and List II pertain to f" . ai *™ >t air ; bre athing engines. 

the correct answer using the codes given below the Tirfs" 10 L ‘ St 1 W ‘ tH Ust 11 and SeIect 
List I „ . 

List II 


A. C0 2 

B. Orsat apparatus 


1. Alkaline pyrogailol 

2. KOH solution 
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3. Wet analysis 

4. Ammonical cuprous chloride 

5. Dry analysis 


s 41 


C. CO 

D. CL 


Codes : 

A B C D 

(а) 2 3 1 4 

( б ) 1 3 2 4 > 

(c) 1 5 4 2 

(d) 2 5 4 1. 

465. Which of the following factors are responsible for the formation of NO in spark ignition 
engine combustion ? * 

1. Incomplete combustion 

2. High temperature 

3. Availability of oxygen 

Select the correct answer using the codes given below : 

(a) 2 and 3 (6) 1 and 3 ( c ) 1 and 2 (d) 1, 2 and 3. 


ESE 1997 


466. 


467. 


468. 


469. 


Consider the following statements : 

1. Gas cooled thermal reactors use C0 2 or helium as coolant and require no separate 
moderator. 

2. Fast reactors use heavy water as moderator and coolant. 

3. Liquid metal fast breeder reactors use molten sodium as coolant. 

Of these statements : 

(a) 1 and 3 are correct (6) 2 and 4 are correct 

(c) 3 and 4 are correct (rf) 1 and 2 are correct. 

Match List I with List II and select the correct answer using the codes given below the lists : 


List I 

A. Plutonium-239 

B. Thorium-233 

C. Cadmium 

D. Graphite 
Codes : 


List II 

1. Fissile material 

2. Fissionable material 

3. Moderator 

4. Poison 


A B C D 
(a) 1 2 3 4 

(&) 2 >1 3 4 

(e) 1 ^ 4 3 

(cO 2 1 4 3. 

If methane undergoes combustion with the stoichiometric quantity of air, the air-fuel ratio 
on molar basis would be 

to) 15.22 : 1 (6) 12.30 : 1 (c) 14.56 : 1 (d) 9.52 : 1. 

The presence of nitrogen in the products of combustion ensure that 

(а) complete combustion of fuel takes place 

(б) incomplete combustion of fuel occurs 

(c) dry products of combustion are analysed 

(d) air is used for the combustion. 
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470. For maximum specific output of a constant volume cycle (otto cycle) 

(a) the working fluid should be air (6) the speed should be high 

(c) suction temperature should be high 

{d) temperature of the working fluid at the end of compression and expansion should be 
equal. 

471. A two-stroke engine has a speed of 750 rpm. A four-stroke engine having an identical 
cylinder size runs at 1500 rpm. The theoretical output of the two-stroke engine will 

(a) be twice that of the four-stroke engine 

(b) be half that of the four-stroke engine 

(c) be the same as that of the four-stroke engine 
0 d ) depend upon whether it is C.I. or S.I. engine. 

472. For same power output and same compression, as compared to two-stroke engines, four- 
stroke S.I. engines have 

(a) higher fuel consumption (6) lower thermal efficiency 

(c) higher exhaust temperatures (rf) higher thermal efficiency. 

473. In a S.I. engine, which one of the following is the correct order of the fuels with increasing 
detonation tendency ? 

(a) Paraffins, Olefins, Naphthenes, Paraffins, Olefins 
C b ) Aromatics, Naphthenes, Paraffins, Olefins 

(c) Naphthenes, Olefins, Aromatic^, Paraffins 

(d) Aromatics, Naphthenes, Olefins, Paraffins. 

474. Consider the following statements : 

Detonation in the S.I. engine can be suppressed by 

1. retarding the spark timing 2. increasing the engine speed 

3. using 10% rich mixture 


475. 


Of these statements : 

(a) 1 and 3 are correct 
(c) 1, 2 and 3 are correct 


( b ) 2 and 3 are correct 
(d) 1 and 2 are correct. 


Which one of the following figures correctly represents the variation of thermal efficiency 
(y-axis) with mixture strength (z-axis) ? 



Fig. 2 
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477. 


478. 


Match List I with the performance curves and select the correct answer using the codes 
given below the List : 

List I List n 


(Performance parameter 
of an I.C . engine) 

A. Indicated 

B. Volumetric efficiency 

C. Brake power 

D. Specific fuel consumption 


(Performance curves) 


Codes : 
A 


479. 



(а) 

(б) 

(c) 

(d) 


B 

3 

3 

2 

1 


C , 

2 

3 

4 


D 

5 

4 

5 
3. 


Fig. 3 


Consider the following statements : 

1. Volumetric efficiency of diesel engines is Higher than that of S.I. engines. 

2. When a S.I. engine is throttled, its mechanical efficiency decreases. 

3. Specific fuel consumption increases as the power capacity of the engine increases. 

4. Inspite of higher compression ratios, the exhaust temperature in diesel engines is much 
lower than that in S.I. engines. 

On these statements : 

(a) 1, 2, 3 and 4 are correct ( b ) 1, 2 and 3 are correct 

(c) 3 and 4 are correct (d) 1, 2 and 4 are correct. 

Consider the following statements about a rocket engine : 

1. It is very simple in construction and operation. 

2. It can attain very high vehicle velocity. 

3. It can operate for very long duration. 

Of these statements : 

(a) 1 and 3 are correct ( b ) 1 and 2 are correct 

(c) 2 and 3 are correct ( d ) 1, 2 and 3 are correct. 


ESE 1998 

Hypothetical pressure diagram for a compres¬ 
sion ignition engine is shown in Fig. 4. The 
diesel knock is generated during the period 

(a) AB 

(b) BC 

(c) CD 

(d) after D. 



Fig. 4 
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I* Choose 

1. fc) 

7. fa) 
13. (a) 
19. (6) 
25. (a) 
31. (6) 
37. (6) 
43. (6) 
49. (d) 

55. fc) 

61. (6) 

67. (d) 

73. fa) 

79. fa) 

85. fa) 

91. (6) 

97. (d) 

103. fc) 

109. (6) 


115. fa) 
121. fa) 
127. ( a ) 
133. fa) 
139. fa) 
145. (b) 
151. fa) 
157. (6) 
163. fa) 
169. fc) 
175. fa) 

181. (c) 

187. fc) 
193. fa) 


(6) 

(6) 


199 
205 
211. fc) 
217. fa) 
223. fa) 
229. (a) 
235. (d) 
241. fa) 
247. ( C ) 
253. fa) 
259. ( a ) 
265. fc) 


the Correct 
2. fc) 
8 .( 6 ) 
14. (6) 
20 . ( 6 ) 
26. fc) 
32. (a) 
38. fc) 

44. fc) 

50. (6) 

56. (6) 

62. (6) 

68. fc) 

74. (6) 

80. fc) 

86. (c) 

92. fa) 

98. (d) 

104. fc) 

110. (c) 

116. (d) 

122 . ( 6 ) 

128. fa) 

134. (a) 

140. fc) 

146. (a) 

152. (rf) 

158. fc) 

164. fa) 

170. fc) 

176. fa) 

182. fa) 

188. (o') 

194. (a) 

200 . ( 6 ) 

206. fc) 

212. fc) 

218. (6) 

224. fc) 

230. fc) 

236. fc) 

242. (6) 

248. (6) 

254. fc) 

260. fc) 

266. (6) 


Answer 

3. (6) 
9.(6) 
15. fc) 
21. fc) 
27. (6) 
33. fc) 
39. fc) 
45. fc) 
51. fc) 
57. (6) 
63. fc) 
69. (6) 
75. (6) 
81. fc) 
87. (6) 
93.(6) 
99. fa/) 
105. fa) 
111 . ( 6 ) 
117. W) 
123. fa) 
129. (6) 
135. fc) 

141. fc) 

147. fa) 

153. fc) 

159. fc) 

165. fc) 

171. (6) 

177. (6) 

183. fc) 

189. fc) 

195. fc) 

201. fa) 

207. fa) 

213. (6) 

219. (6) 

225. fc) 

231. (6) 

237. fc) 

243. (6) 

249. (6) 

255. (6) 

261.(6) 

267. (6) 


ANSWERS 


internal combustio 


4.fa) 
10. fc) 
16 . fc) 
22. fc) 
28. fc) 
34. (6) 
40. fc) 
46. fc) 
52. (6) 
58. fc) 
64. fc) 
70. fc) 
76. (6) 
82. fc) 
88 . ( 6 ) 
94-fc) 
100. fc) 
106. (6) 
112. fc) 


118. 

124. 


( 6 ) 

W) 


130. fc) 
136. fc) 
142. (6) 
148.(6) 
154. fc) 
160. (d) 

' 166. (6) 
172. (6) 
178. fc) 
184.(6) 
190.(6) 
196. fc) 
202. fc) 
208. fc) 
214. fa) 
220. fa) 
226. (6) 
232. fc) 
238. fc) 
244. fc) 
250. fc) 
256. fc) 

262. fc) 

268. fc) 


6. fc) 

11. (a) 
17. fc) 
23. fc) 
29. (6) 
35. (6) 
41. (6) 
47. fc) 
53. (6) 
59. (6) 
65. (6) 
71. W) 
77. (6) 
83. (e) 
89. (6) 
95. fc) 
101 .( 6 ) 
107. fc) 
113. fc) 
119.(6) 
125. fc) 
131. fc) 

137. fa) 

143. fa) 

149. fc) 

155. (6) 

161. fc) 

167. fc) 

ITS. fc) 

179. (6) 

185. fc) 

191. fa) 

197. fc) 

203. fa) 

209. (6) 

215. fa) 

221 . ( 6 ) 

227. fc) 

233. fc) 

239. fc) 

245. (a) 

251. fc) 

257. fa) 

263. (6) 

269. fc) 






6 .( 6 ) 
12. (6) 
18. (6) 
24. fc) 
30. fc) 
36. (6) 
42. fc) 
48. fc) 
54.(6) 
60. fc) 
66. fc) 
72. fc) 
78. fc) 
84. fc) 
90. (6) 
96. fc) 
102. (6) 
108. fc) 
114. fc) 
120. fc) 
126. fc) 
132. (6) 
138. fa) 
144. fc) 

150. fc) 

156. (6) 

162. (6) 

168. fa) 

174. (6) 

180. (6) 

186. fc) 

192. (6) 

198. fc) 

204. fc) 

210. fc) 

216. fc) 

222. fc) 

228. (6) 

234. fc) 

240. fc) 

246. (6) 

252. (6) 

258. (6) 

264. fc) 

270. (6) 
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'271. (6) 

272. (d) 

273. (c) 

274. (a) 

275. (c) 

276. (d) 

277. (a) 

278. (a) 

279. (e) 

280. (a) 

281. (d) 

282. (d) 

283. (c) 

284. (c) 

285. (d) 

286. (d) 

287. (c) 

288. (a) 

289. (c) 

290. (a) 

291. (a) 

292. (c) 

293. (a) 

294. (a) 

295. (a) 

296. (6) 

297. (d) 

298. (d) 

299. (6) 

300. (a) 

301. (c) 

302. (d) 

303. (6) 

304. ( b) 

305. (a) 

306. (c) 

307. (6) 

308. (6) 

309. (d) 

310. (6) 

311. (a) 

312. (6) 

313. (6) 

314. (6) 

315. (a) 

316. (6) 

317. (c) 

x 318. (d) 

319. {d) 

320. (a) 

321. (a) 

322. (6) 

323. (6) 

324. (d) 

325. (a) 

326. (a) 

327. (a) 

328. (a) 

329. (a) 

330. (d) 

331. (d) 

332. (d) 

333. (e) 

334. (d) 

335. (6) 

336. (c) 

337. (c) 

338. (a) 

339. (c) 

340. (a) 

341. (d) 

342.(d) 

343. (d) 

344. (c) 

345. (a) 

346. (c) 

347. (c) 

348. (d) 

349. (e) 

350. (c) 

351. (d) 

352. (6) 

353. (d) 

354. (c) 

355. (e) 

356. (6) 

357. (d) 

358. ( b) 

359. (c) 

360. (d) 

361. (6) 

362. (d) 

363. (6) 

364. (c) 

365. (a) 

366. (6) 

367. (c) 

368. ( b ) 

369. (d) 

370. (a) 

371. (6) 

372. (a) 

373. (a) 

374. (6) 

375. (e) 

376. (c) 

377. (6) 

378. (a) 

379. (c) 

380. (c) 

381. (a) 

381. (a) 

382. (a) 

383. (a) 

384. (c) 

385. (d) 

386. (c) 

387. (6) 

388. ( c) 

389. (d) 

390. (6) 

391. (c) 

392. (d) 

393. (6) 

394. (e) 

395. (c) 

396. (6) 

397. (d) 

398. (d) 

399. (c) 

400. (c) 

401. (d) 

402. (e) 

403. (d) 

404. (c) 

405. (e) 

406. (c) 

407. (a) 

408. (d) 

409. (c) 

410. ( h) 

411.(6) 

412. ( b) 

413. (d) 

414. (6) 

415. (a) 

416. (c) 

417. (c) 

418. (c) 

419. (6) 

420. (d) 

421. (a) 

422. (d) 

423. (d) 

424. (a) 

425. (c) 

426. ( d ) 

427. (d) 

428. (6) 

429. (c) 

430. (a) 

431. (6) 

432. (d) 

433. fd) 

434.(d) 

435. (c) 

436. (a). 


B. Match 

the List I and II 




437. (6) 

438. (o) 

439. (a) 

440. (c) 

441. (6) 

442. (c). 

C. Competitive Examination Questions 




443. (a) 

444. (d) 

445. (d) 

446. (c) 

447. (c) 

448. (d) 

449. (a) 

450. (a) 

451. (6) 

452. (6) 

453. (6) 

454. (a) 

455. {d) 

456. (d) 

457. (a) 

458. (d) 

459. (c) 

460. (a) 

461. (a) 

462. (c) 

463. (d) 

464. (d) 

465. (a) 

466. (c) 

467. (c) 

468. (a) 

469. (d) 

470. (d) 

471. (c) 

472. (d) 

473. (d) 

474. (c) 

475. (c) 

476. (6) 

477. (a) 

478. (6) 

479. (6). 







SOLUTIONS-COMMENTS 

443. 1, 2 and 3 statements are correct. Statement 4 is incorrect because low grade fuel cannot 
be burnt in gas turbines. Thus choice (a) is correct. 

44 4* S.I. Engines, detonation increases due to increase in spark advance and increase in 

compression ratio. Increase in speed and increase in air-fuel ratio beyond stoichiometric 
strength do not effect detonation much. 


tmsmm 
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445. 

446. 

447. 
451. 

454. 


i«5 7nc\ en h n \ Cann0t be improVed by increa s- 

detonation, therefore, to some extent fuels ’ f octane number tends to suppress 

hi 8 h«, Tto M) „ n,, ™ tar ■»' p~«. ~«.i .t 

Th. f„„„ M«M,d of OP.) , p dep . Bd , npon ^ 


tive pressure (pj, length of stroke (L), piston diameter 


( 


Area A = 



, and speed rota¬ 


tion (n). Thus (c) is the correct choice. 

^ re * atl0nshi P is shown in curve (c). 

power*range of o^eTrUor^rcce^eratio^puTo fo r ° n0n l Ser “ “T* meetin Z maxil ™m 
choke for cold starting, thus (6) is the correct choic“ e g 0penm? of throttle > and 

every fo u [°“t^ ° n * 


D - Fili in the Blanks 


’• vsrirzzszz *z?—-—^ — in c ,. 

' Sportanh tWpha#e ’ ° f P"~ » a Ci engine, the . „ the most 

" f3Ct0r * “ -- - . of the fue, is 

4- Octane number of fuel means the percentage of. in a mixture of. and 

e..and:::::: measuring octane number ° f sj - *»**■ 

7. is done for increasing t he eZenZf ° f C b e ^ine fuels. 

8. The auantitv of« , ■ g ‘“7‘” efficienc ^ of a diesel engine. 

by. and ... e arrangement nglne * C ° ntr ° Iled b y the notation of fuel pump plunger 

*«: • T] 311(1 . ofmixture - 

n. s^Te s „ a ;rr if the si b r ne s — ; “ atile and vapour lock 

12. Wankel rotary en^es are 'of ve^ WOuId be popular in.sector. 

£ . 

■ s . srcss* " r ** “ 

16. The general formulae for'paraffins “ 7 gen “ the m ° leCU ' es iacrea ses. 

17 ' Chtubfr". iS deSigned t0 ™ e about 30 per cent of the heat produced in the. 

£ Si vibration 1 ofThe ^ ^ ** * '****' f “*° engine is . 

20. The chemically correct air-fuel ratio [seabed tOTqUe " M . 

22 Z 0C T 6 ^ arbHrariIy rat6d . ° ctane n umber. 

£ S slSZ^t tr ke Z ne iS - -r o f a 2-stroke en.n, 

. d . of a Diesel engine can be increased. 
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24 : The procedure of increasing the inducted mass of air in an engine is called . 

25. The cetane number of diesel is . 

26. The unit of the measurement of exhaust emission such as the oxides of nitrogen is. 

27. The most popular device of controlling engine exhaust emissions is . 

28. Alcohol is a . energy. 

29. Supercharging . the power output of an I.C. engine for a given . of the engine. 

30. In S.I. engine detonation occurs near the . of combustion, whereas in C.I. engine 

detonation occurs near the . of combustion. 

31. During operation of an engine the piston is mainly subjected to.force and.force. 

32. Willan's line method of determining frictional power of I.C. engines is applicable only to 
. engines. 

33. In dual-fuel engine the liquid fuel injected towards the end of compression is called . 

fuel and acts as a . of ignition. 

34. A diesel engine with pre-combustion chamber produces less NO x than a direct injection 

engine due to . temperature. 

35. The amount of fuel in the diesel engine is controlled by. and . arrangement of 

the fuel pump. 

36. In an I.C. engine, the temperature of the cooling system is kept constant with the help of 

instrument called . 

37. In the 2-stroke S.I. engine, the lubrication is dine with the help of. system. 

38. The octane number of CNG (compressed natural gas) is . 

39. Normal heptane is arbitrarily rated as . octane number. 

40. It is desirable to use . free gasoline for the better life of noble metal catalytic con¬ 

verter. 

41. The main exhaust emissions of an S.I. engine are. 

42. The most harmful pollution of a C.I. engine is . 

43. The most popular device for measuring engine output is. 

44. Standard firing order for a 4-cylinder petrol engine is . 

45. Petrol engines employ . governing. 

46. The 4-stroke cycle is completed in ......... revolutions of the crankshaft. 

47. Advancing spark timing in S.I. engines . the tendency to knock. 

48. Knocking tendency in C.I. engines increases with . of compression ratio. 

49. Cetane number of diesel commercially available in India is. 

50. Early or late injection of fuel in C.I. engine would result in. of power 

51. Optimum spark advance is the spark timing at which the engine develops maximum. 

52. For low hydrocarbon emissions from an engine, the surface to volume ratio should be. 

53. In an S.I. engine, the specific fuel consumption is minimum at. mixture. 

54. A compensating jet device is used in a carburettor for . 

55. For S.I. engine knock occurs at the.of combustion and for C.I. engines knock occurs 

at the . of combustion. 

56. In Morse test the .is kept constant while any cylinder is cut-off. 

57. Brake specific fuel consumption and brake thermal efficiency are related to each other 

as . 

58. The maximum fuel economy occurs at an A/F ratio of about. (F/A =. ). 

59.engines produce more environmental pollution. 
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60. The antiknock quality of a fuel when used i] 


INTERNAL COMBUSTION ENGINES 


normal. and best 


6 X. 
62. 

63. 

64. 

65. 

66 . 

67. 

68 . 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 


respectively, 
engines whereas the 


in a S.I. engine appears to be poorest in the 

The two basic ignition systems are . ignition system and. ignition system 

latfom ° of circulation of the coolant are.circulation and ... .... drcu- 

The cetane number of diesel and alcohol are about . and 

For lubrication the wet sump system is employed in relatively 

dry pump system is employed in . stationary engines 

Octane number of a fuel .with increase in SIT. 

Specific power of a 2-stroke engine is about .times that of 4-stroke engine 

A turbo-charger is driven by the. energy of the engine @ ' 

Tappet Clearance is provided to take care of. of valve steam 

Use of leaner mixtures. the CO in exhaust of S.I. engines. 

Exhaust smoke level . drastically at full-load of C.I. engine 

The reference fuels for defining octane number are and 

The catalyhc converter is to control three main autoexhaust emissions 

The Wankel engine is called . engine. 

The diesel engine is manually started by using a . 

is done for increasing the.efficiency of a C.I. engine 

Ignition delay increases as the inlet air temperature . 

In a S.I. engine, the flame speed is maximum at .mixture. 

Spark is generally provided at. TDC. 

Best fuel economy in a S.I. engine is obtained at , 

Octane number of normal heptane is . 


, and 


mixture. 


Ih Fill in the Blanks 


ANSWERS 


1 . 

4. 

6 . 

8 . 

10 . 

12 . 

14. 

17. 

20 . 

23. 

26. 

29. 

32. 

35. 

38. 

41. 

44. 

47. 


auto-ignition, delay 
iso-octane, iso-octane and n -heptane 
cetane and oc-methyl-napthajene 
diesel, rack and pinion 
less, more 
high, leakage 
stoichiometric, volumetric 
cooling system, combustion 
stoichiometric 
efficiency, power output 
ppm (parts per million) 
increases, size 
C.I. 

rack, pinion 
above 100 
CO, NO■ HC 
1-3-4-2 
increases 


2. second phase 3. evaporation 
5. iso-octane and n-heptane 
7. supercharging, volumetric 
9. air-fuel, quantity 
II. external, automobile 
13. infrared, analyser 


15. decreases 
18. 1-5-3-6-2-4 
21. 100 

24. supercharging 
27. catalytic converter 
30. end, beginning 
33. pilot, source 
36. thermostat 
39. zero 
42. NO^ 

45. throttle 
48. decrease 


16. CH 


2/t+2 

19. crankshaft, torsional 
22. greater 

25. between 40 and 60 

28. renewable 

31. inertia ; gas pressure 

34. lower peak 

37. mist 

40. lead 

43. hydraulic dynamometer 
46. two 
49. 45 
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50. 


53. 


56. 


59. 

62. 


65. 

68 . 


71. 


74. 

77. 


80. 


loss 

lean 

speed 

Diesel 

natural, forced 
increases 

thermal expansion 
iso-octane, n-heptane 
decompression lever 
about 10 percent rich 
zero. 


51. power 

54. mixture, compensation 

57. s. f. c. ——— 

*lth 

60. heptane, iso-octane 

63. 40, 5 

66. two 

69. reduces 

72. NO a , CO, HC 

75. Supercharging, volumetric 

78. 20° before 


52. low 

55. end, beginning 

58. 17 : 1, 0.06 

61. battery, magneto 
64. high speed, slow speed 
67. exhaust 
70. increases 
73. rotary I.C. 

76. decreases 

79. about 10 percent lean 
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INTERNAL COMBUSTION ENGINES 


PART II 

THEORETICAL QUESTIONS WITH ANSWERS 

(Including Universities and Competitive Examinations Questions) 

Q. 1. Explain various factors that influence the flame speed, 

Ans. Following are the factors that influence the flame speed : 

tion and ^ co , rap ° s |‘; on of the working mixture influences the rate of combus- 

whenmixtf h y drocarb ™ f uels *• maximum flame velocities occur 
the mixture is mZfi stoichiometric (i.e., about 10% richer than stoichiometric). When 

the mixture is made leaner or is enriched still more, the velocity of flame diminishes. 

ture ofthewZr'T^ 0 - , A , hlgher c0 'V presa]0n ratio ^creases the pressure and tempera- 
conditinns rl g mixture and decreases the concentration of residual gases. These favourable 

pressures andTem^X.t of combu f ion and ignition advance is needed. High 

srs"iSiST ;Lzr ”“™ ■ t ~ i ° p ’“" d °< 

“”,7“"" ■ nd “ ““*■ -w—* »• 

speed increases' 11 l0ad ’ mcrease m en gi ne lnad the cycle pressure increases. Hence, the flame 

speed is vctv^ow ^ 3 V6ry V ‘ taI r ° le “ combustion phenomenon. The flame 

TocesLZhlZt n “ n - turbuIent mixtures - A turbulent motion of the mixture intensifies the 
transfer and mixing of the burned and unburned portions in the flame front 

sitvEr 56 y of turbuient flame to increase practica,iy in pr ° portion to the 

der For tidfZnZ* ^ Speed ' the greater the turbulence inside the cylin■ 

‘ tor this reason the flame speed increases almost linearly with engine speed. 

Q. 2. What is a performance number ? 

fails to served *’ c ’ P ercei jtage of iso-octane in an iso-octane and n-heptane mixture 

uncommon In ord r “T r6S1Stant is °' 0Ctane are to be rated > ^els are not 
tenns^of Arrnv Z*V° “p the ° ct T scale ’ the resistance of the fuel is measured in 

le™ elftZ T Navy Performance Number (PN). It is the ratio of the knock limited indicated 

H% lmep) ofthe test fuel to the knock Umited mdM — «**" 

PN = k^ me P tost fuel ^ ^ . 
klimep of isooctane 

and by definition the PN of iso-octane is 100. 

petrol fngiwf "* **"* the impression ratio that can be used in 

Ans. 

• For thermal efficiency to increase for any internal combustion engine, the compression 

mast “grease. In a practical engine the compression ratio is limited because of high 
material loading, high temperatures and fuel combustion problems. 

• In petrol engines the charge consists of petrol vapour and air. During compression the 
p essure an emperature both increase. The value of compression ratio is limited to the 
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value that the temperature reached after compression or during the compression does 
not cause self ignition of fuel which causes knocking or pinking. On account of this fact 
the value of compression ratio is limited to 5 to 8 (in rare case 10) in petrol engines. 

• The addition of tetraethyl lead to the fuel helps in preventing knocking or pinking, thus 
enabling the higher compression ratios . The use of tetraethyl lead is now in disfavour 
because of atmospheric pollution and possible damage to health. Research and develop¬ 
ment into fuel combustion techniques are making the use of lead free petrol possible with 
increasing compression ratio. 

Q. 4. u Abnormal combustion knock produced by surface ignition in S.I. engines is 
more harmful than normal combustion knock”, Justify this statement 

Ans. In normal combustion knock, the unbumt charge auto-ignities before the flame started 
by spark travels across combustion chamber. Normal combustion knock with fuel of lower than 
the required octane value can be reduced and eliminated by retarding the ignition timing. 

The abnormal combustion knock is caused by surface ignition. Surface ignition is defined 
as the initiation of a flame front by a hot surface other than the spark. Mostly surface ignition is 
due to carbon deposits. These deposits occupy space and so increase the compression ratio. An 
entirely distinct flame front is produced and the combustion becomes both erratict and uncontrol¬ 
lable. Surface ignition may occur before (pre-ignition).or after (post-ignition) normal ignition. Pre¬ 
ignition tends to raise temperature and pressure in chamber whiehcause temperature of hot spot 
to rise further and encourage still earlier pre-ignition. The cumulative effect tends to raise peak 
pressures and encourage the possibility of detonation. It also cause peak pressure to occur pro¬ 
gressively earlier in cycle. Pre-ignition may advance these peak pressures to such a point that 
they occur before piston reaches T.D.C. on compression stroke. In such a case peak pressures will 
oppose piston movements during last part of compression stroke thus decreasing total output as 
well as rough engine operation. 

Q. 5. Explain the following terms as applied to S.I. engines : 

(i) Pre-ignition; (ii) Auto-ignition ; (iii) Detonation. 

Ans. ( i ) Pre-ignition. 

• The increase in the rate of heat transfer to the walls may cause local overheating 
specially of the spark plug, which may reach a temperature high enough to ignite the 
charge before the passage of spark. This phenomenon is called pre-ignition. 

• Pre-ignition may also be caused by overheated exhaust valves or glowing carbon deposits 
in the combustion chamber. 

(ii) Auto-ignition. 

• The analysis of knocking phenomenon (in S.I. engines) by high speed cinematography 
has led to two general theories—the auto-ignition theory and the detonation theory. 
Auto-ignition refers to initiation of combustion without the necessity of a flame . The auto¬ 
ignition theory of knock assumes that the flame velocity is normal before the onset of 
auto-ignition and that the gas vibrations are created by a number of end gas elements 
auto-igniting almost instantaneously. 

9 Auto-ignition does not occur immediately as the self-ignition temperature is reached. 
Some ignition delay period, is required before the mixture becomes explosive. During the 
delay period some chemical reactions occur, which are called preflame reactions, because 
these reactions prepare the mixture for giving rise to a flame. 

(iii) Detonation. 

• In detonation a true pressure wave formed by preflame reactions is the mechanism for 
explosion. Such a shock wave would travel through the chamber at about twice the sonic 
velocity and would compress the gases to pressures and temperatures where the reac¬ 
tions should be practically instantaneous. 


A 
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•> —^ T?££tzsx:'* ,m,Uy «* ««-*.» 


Wfcaf ^ H. KCA ^ ^ Under * tand by octane number of 85 and cetane number of 75 ? 
Ans. 

* Sd 0f 'T in 3 —■» of cetane 

test engine as that of the f„ As 

retane and 25% a ' methyl naphthalene ’ both ™ 

° peratmg conditi ™’ “ 

Srr„l^^ 

Comment ^ *** «"*"* «• m case o/&J. 

Ans. Clearance volume has an effect on compression ratio, 

V.+V V 
since compression ratio = —- - 1 + - a 

of detonationlrfs.fengiiils. reduCe< ^’ com ^ >re ^ on ratio is increased mhich wi ll increase chances 

0^9. Discuss the effect of engjne variables on ignition lag. 

• Igmtwnlag is not a period of inactivity but is a chemical process. 

® ignition lag in terms of crank angles is If ) 0 fn on° nnsj * *■ 

seconds or so. ° 20 and m ter ™ of seconds 0.0015 

Effects of engine variables on ignition lag : 

(i) Fuel. Ignition lag depends on chemical nature of fuel The hiahe^ tu ic ■ 
temperature of fuel, longer the ignition lag. * ‘ ' Th h gh the Self l S mtlon 

tempei^mSure KT ** 
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that the spark time other than MBT value (minimum spark advance for best torque) will reduce 
the power output and thereby more heat is rejected. 

(ii) Engine output. Engines which are designed for high mean effective pressures or high 
piston speeds will reject less heat (on percentage basis). Less heat will be lost to coolant for the 
same indicated power in large engines. 

(iii) Pre-ignition and knocking. Effect of pre-ignition is the ^ame as advancing the 
ignition timing. Large spark advance might lead to erratic running and knocking. Though knock¬ 
ing causes large changes in local heat transfer conditions, the overall effect on heat transfer due 
to knocking appears to be negligible. However no authentic information is available regarding the 
effect of pre-ignition and knocking on engine heat transfer. 

Q. XI. The higher compression ratio that can be used in an S.I. engine is limited 
by the detonation characteristics of the available fuel . Justify this statement 

Ans. In normal combustion, the flame started by spark travels across the combustion 
chamber. As the flame front advances, it compresses the unburnt charge in last portion of com¬ 
bustion chamber. If this unburnt charge does not reach its critical temperature for auto-ignition, 
it will not auto-ignite and flame front will move across this unbumt charges in normal manner. 
In abnormal combustions called detonation the end charge auto-ignites before the flame front 
reaches it. In order to auto-ignite, the last unburnt portion of charge must reach above a certain 
critical temperature and remain at this temperature for a certain length of time. During this 
period certain chemical reactions take place which prepare the charge for'auto-ignition. The time 
required in this preparation is called ignition delay. 

In order to limit detonation , we should not allow the unburnt charge to reach its critical 
temperature'. Increase in temperature of mixture reduces delay period of end charges and hence 
tendency of detonation increases. Increase in temperature is obtained by avoiding detonation, we 
should limit the compression ratio. Hence there is a critical compression ratio for a fuel for a given 
engine setting above which knock occurs. This compression ratio is called highest useful compres¬ 
sion ratio. 

Q. 12. The retarding of spark timing in a S.I. engine will reduce detonation. 
Justify the statement. 

Ans. By retarding the spark from the optimized timing, i.e., having the spark closer to 
T.D.C., the peak pressures are reached further down on the power stroke. This might reduce 
knocking, though this affect adversely the brake torque and power output of the engine. 

For the same reason the spark should be retarded with low octane fuels. 

Q. 13. What action can be taken with regard to the following variables , in order 
to reduce the possibility of detonation in an S.I. engine ? Justify your answers by rea¬ 
sons : 

(i) Compression ratio ; (ii) Mass of charge induced ; (iii) Mixture inlet tempera¬ 
ture; (iv) Engine speed ; (v) Distance of flame travel . 

Ans. The following actions are recommended for reducing the possibility of detonation in 
S.I. engine. 

(i) Compression ratio. Increasing the compression ratio increases both the temperature 
and pressure. Increase in temperature reduces the delay period of end charge. Increase in tem¬ 
perature as well as increase in pressure both lead to greater collisions of molecular resulting in 
greater formation of chemical species responsible for knocking. Hence tendency to knock in¬ 
creases. Therefore in order to reduce possibility of detonation, it is essential to keep compression 
ratio as low as possible and there is a critical compression ratio above ivhich knock occurs. This 
compression ratio is called highest useful compression ratio (H.U.C.R.). 
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(ii) Mass of charge induced. The volume of engine cylinder is same and if the mass of 
charge is increased, then density of mixture will be increased and increase in density mean better 
contact between fuel particles and ignition lag period will be reduced. When ignition lag is 
reduced, it means the chances of fuel in last portion of combustion chamber to auto-ignite are 
more, hence knocking chances will be increased. Hence it is necessary to keep mass of charge 
induced as low as possible for the given volume of cylinder to reduce possibility of detonation. 

(iii) Mixture inlet temperature. Increasing the mixture inlet temperature reduces the 
delay period which in turn increases the chances of knocking. Hence the mixture inlet temperature 
should be kept as low as possible. 

(iv) Engine speed. If the speed of engine is decreased, then turbulence of mixture will be 
reduced which will result in reduced flame speed. Also lower the engine speed, the longer is the 
absolute time for the flame to traverse the cylinder which increases the time available for pre¬ 
flame reactions. Hence tendency to knock is increased at lower speeds. Therefore, engine speed 
should be increased to prevent detonation. 

(v) Distance of flame travel. If the distance of flame travel is increased, then there are 
chances that fuel in last portion of combustion chamber may auto-ignite before the flame may 
traverse the chamber. Hence it is necessary that flame travel distance be reduced to prevent 
detonation. 

Q. 14. “Auto-ignition is the cause of detonation.” Justify the statement. 

Ans, Detonation is caused by the auto-ignition of the end gas. In S.I. engine, the ignition 
is initiated by a spark produced across the spark plug electrodes. The normal combustion takes 
place by flame propagation through the air-fuel mixture present in the combustion chamber. If 
conditions are such that the end charge reaches self-ignition temperature and completes the delay 
period before the arrival of flame front, it would auto-ignite and cause detonation. 

Q. 15. “Compressed natural gas (CNG) is preferable in S.I. engine than CI. en¬ 
gine.” Justify the statement. 

Ans. CNG is highly knock-resistant, and does not pre-ignite easily. It mixes easily with air, 
and gives better manifold distribution. These are desirable properties for its use in S.I. engine. 
On the other hand, its limitations for use in C.I. engine are that it is not viscous enough to 
maintain lubrication of injector pump , and due to high self-ignition temperature of CNG it would 
need a very high compression ratio for self-ignition. Hence CNG is preferable in S.I. engine than 
in C.I. engine. 

Q. 16. Explain the difference between : 

(i) Pre-ignition ; (ii) auto-ignition; (iii) detonation. 

Ans. (i) Pre-ignition. In S.I. engines, the combustion during the normal working is 
initiated by an electric spark. The spark is timed to occur at a definite point just before the end 
of the compression stroke. The ignition of the charge should not occur before the spark is intro¬ 
duced in the cylinder. If the ignition starts due to any other source when the piston is still moving 
on the compression strode, it is known as pre-ignition. Pre-ignition will develop excessive pressure 
before the end of compression stroke tending to push the piston opposite to the direction in which 
it is moving, resulting in loss of power, violent thumping, stopping the engine or even mechanical 
damage. Pre-ignition may occur on account of persistent detonation, overheated spark plug points, 
overheated exhaust valve, incandescent carbon deposits on the surface of the cylinder or sparkplug, 
or faulty timings of the spark plug. 

(ii) Auto-ignition. It is one of the theories of knocking in S.I. engines. Auto-ignition refers 
to the initiation of combustion without the necessity of a flame. The auto-ignition theory of knock- 
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ing assumes that the flame velocity is normal before the onset of auto-ignition, and that gas 
vibrations are initiated by a number of end gas elements autoigniting almost simultaneously. 
Auto-ignition does not occur immediately as the self-ignition temperature is reached. Some igni¬ 
tion delay period is required before the reaction becomes explosive. During the delay period some 
preflame reactions occur before giving rise to a flame The exact method of formation of the 
preflame reactions is not known. 

(iii) Detonation. The second theory of knocking in the S.I. engines is detonation. It is the 
name given to the violent waves produced within the cylinder of an S.I. engine. The noise produced 
is like that produced by a sharp ringing blow upon the metal of a cylinder. 

The region in which the detonation occurs is far away from the spark plug, and is known 
as the detonation zone. After a spark is produced, there is a rise of pressure and temperature due 
to the combustion of the ignited fuel. This rise in temperature and pressure both combine to 
increase the velocity of the flame, compressing the unbumt portion of the charge of the detonation 
zone. Finally, the temperature in the detonation zone reaches such a high value that chemical 
reaction occurs at a far greater rate than in the advancing flame. Before the flame completes its 
course across the combustion chamber, the whole mass of remaining unburnt charge ignites 
instantaneously. This spontaneous ignition of a portion of the charge sets rapidly moving high 
pressure waves that hit cylinder walls with such violence that the cylinder walls gives out a loud 
pinking noise. It is this noise that expresses or indicates detonation. 

Q. 17. On what basis are S.I. engines fuels compared when they are better than iso¬ 
octane in anti-knock characteristics ? 


Ans. When S.I. engine fuels are better than iso-octane in anti-knock characteristics, the 
quality of the fuel is measured in terms of Army and Navy performance number (PN). It is the 
ratio of the knock limited indicated mean effective pressure (klimep) of the test fuel to the knock 
limited imep of iso-octane , i.e. 

PN klimep of test fuel 
klimep of iso-octone. 


By above definition the PN of iso-octane is 100. 

Another attempt to extend the octane scales is Wiese method : 


ON = 100 + 


PN -100 
3 


Some lead compounds, such as tetra-ethyl-lead (TEL), when added to iso-octane produce 
fuel of greater anti-knock quality than iso-octane. The anti-knock quality of fuel above 100 octane 
number are also measured in terms of millilitres of TEL per US gallon of iso-octane. 


Q.I8. Discuss the three basic requirements of a good S.I. engine combustion chamber . 

Ans. The three basic requirements of a good S.I. engine combustion chamber are 

1. High power output with minimum octane requirements 

2. High thermal efficiency 

3. Smooth engine operation. 

1. High power output, requires ; 

( i ) High compression ratio. The compression ratio is limited by the phenomenon of detona¬ 
tion. It depends upon the design of combustion chamber and fuel quality. Any change in design 
that improves the anti-knock characteristics of a combustion chamber permits the use of a higher 
compression ratio which should result in higher output and efficiency. 

(ii) Small or no excess air. 
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internal combustion engines 


m A complete utilisation of the air - no dead pockets. 

{iv) An optimum degree of turhulonno r , 

squish. Turbulence induced by squish is preferable U totaLtV n KT d ** in ' et flow configuration or 
is not affected. PreterabJe to inlet turbulence as the volumetric efficiency 

straight" Sage°ways e ty ^ Umi ^ S aad 

sure drop. This means more charge per slokT Id 7 ^ S ° that flow is witb lesser pres 

2. High thermal efficiency require"? Pr ° POrtl0nate ***** in the power output. 

(i) High compression ratio. 

(li) Compact combustion chamber for small ho *■ 1 , . 

travel and thus less combustion time los S / * losS dunng comb ustion, reduced flame 

3. Smooth engine operation requires • 

M Moderate rate of pressure rise during combustion. 

(u) Absence of detonation, by proDer lnr»H™ t , , 

tory cooling of spark plug points (to avoid pre-ignition^? U& ^ 6XhaUSt valve ’ by satisfac- 
distance of flame travel. P gnitl0n) and ° f exhaust valve head, and by short 

Q. 19. Refer Fig. 1 and answer the following ; 



Pig. 1. Indicator diagram of S.I. engine 

effec j ° n — 

unaltered. / " overla P ** increased leaving intake opening 

(n) Re-sketch the same indicator diagram if tu .u 

(iii) If the throttle is partly opened will ^ rl " ° Pen - 

retarded ? Explain your answer. ’ T °“ to have the spark advanced or 

Solution. ( i ) Angle of valve overlap 

: Z w OP '“'" E T D CJ * 5 ‘ >«„, T.D.C., 

This effect improves the volumetric efficiency. Howe? 77 7 admittir >? charge. 

ever, i, valve overlap is increased beyond a 
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certain limit, some fresh charge may be lost through the exhaust valve. This would decrease the 
charging efficiency , and also increase the fuel consumption (in S.I. engines). 

{ii) If throttle valve is partly open, the pumping loop will be larger and the power loop will 
be smaller (relative to that when the throttle is fully open). For the purpose of comparison, the 
indicator diagrams for full throttle open and part throttle are drawn below : 




Fig. 2 

■ «. ( ' Ul)wil1 have to be aduanced on partly opened throttle. At part load the vacuum 
in the manifold is high, and as a result less air and fuel mixture enters the cylinder. Also the 
effect of exhaust dilution is more. Further the mixture is less highly compressed. Mixtures at 
lower compression ratios burn more slowly, and therefore to get maximum power (for that throttle 
opening), the ignition must take place earlier in the cycle. 

The spark advance at part throttle is obtained by a “vacuum ignition advance” device. 

COMBUSTION ON C.1. ENGINES 

Q. 20. Explain the phenomenon of knock in C.I. engines and compare it with SJ. 
engine knock . 

■ .U ? th l delay period . is lon B> a large amount of fuel will be injected and accumulated 

m 6 j f 1 *’ 6 au ^ 0 ^^ n ^^ 0n °f this large amount of fuel may cause high rate of pressure 

rise and high maximum pressure which may cause knocking in diesel engines. A long delay 
period not only increases the amount of fuel injected by the moment of ignition, but also improves 

e omogem y o the fuel air mixture and its chemical preparedness for explosion-typeself igni¬ 
tion similar to detonation in S.I. engines. e 

• L6 n ua compare the phenomenon of detonation in S.I. engines with that of knocking in C.I. 
engines. Both are processes of auto-ignition subject to the ignition time lag characteristics of the 
tuel-air mixture. Differences m knocking phenomenon of the S.I. engine and the C.I. engine 
should also be carefully noted : 

1. In the S.I. engine, the detonation occurs near the end of combustion whereas in the C I 
engine detonation occurs near the beginning of combustion. 

2. The detonation in the S.I. engine is of a homogeneous charge causing very high rate f 
pressure rise and very high maximum pressure. In C.I. engine the fuel and air are imperfectly 
mixed and hence the rate of pressure rise is normally lower than that in the detonating park of 
the charge in the S.I. engine. 
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3. Since in the C.I. engine the fuel is injected into the cylinder only at the end of the 
compression stroke there is no question of pre-ignition or pre-mature ignition, as in the S.I. 
engine. 

4. In the S.I. engine it is relatively easy to distinguish between knocking and non-knocking 
operations as the human ear easily finds the distinction. 

5. Factors that tend to reduce detonation in the S.I. engine increase knocking in the C.I. 
engine. 


Q. 21. How does the mixture composition in the combustion chamber of a C.I. 
engine differ from that of a S.I. engine ? 


Ans. 


• Mixture composition in combustion chamber of C.I. engine is heterogeneous. Before the 
start of fuel injection (few degrees before the T.D.C. position), the cylinder contains air, 
and combustion products residuals from the previous cycle. Since the compression ratios 
of diesel engines are high, the proportion of such residuals is quite small. 

• After the injection starts, its distribution in the combustion chamber is not uniform. The 
composition consists of fuel droplets, and vaporized fuel, heterogeneously scattered at 
different locations in the combustion chamber, along with air and exhaust residuals 
from the previous cycle. 

• The mixture composition in S.I. combustion chamber is almost homogeneous mixture of 
air, petrol vapour and exhaust residuals from the previous cycle. Since the compression 
ratios in petrol engines are quite low, and also since the mixture is throttled, the 
proportion of exhaust residuals in S.I. combustion chambers is quite high as compared 
to that in C.I . combustion chambers, and more so at lighter loads. 


Q. 22. Explain briefly the phenomenon of “Diesel knock**. 

Ans. Phenomenon of “Diesel knock.” In C.I. engines the injection process takes place 
over a definite interval of time. Consequently, as the first few droplets to be injected are passing 
through the ignition lag period, additional 
droplets are being injected into the chamber. 

If the ignition delay is longer , the actual burn¬ 
ing of the first few droplets is delayed and a 
greater quantity of fuel droplets gets accu¬ 
mulated in the chamber. When the actual 
burning commences, the additional fuel can 
cause too rapid a rate of pressure rise, as 
shown on pressure crank angle diagram 
above, resulting in a jamming of forces against 
the piston (as if struck by a hammer) and 
rough engine operation. If the ignition delay 
is quite long, so much fuel can accumulate 
that the rate of pressure rise is almost in¬ 
stantaneous. Such % situation produces the ^ Q 

extreme pressure differentials and violent gas F ' g 3 ' Phenomenon of Dlesel knock - 

vibration known as knocking (diesel knock), and is evidenced by audible knock. 

Q. 23. The factors that tend to increase detonation in S.I. engine tend to reduce 
knocking in C.I. engine. 



Discuss the above statement with reference to the following influencing factors : 
(i) Compressions ratio ; (ii) inlet temperature ; (iii) inlet pressure ,* (iv) self-igni¬ 
tion temperature of fuel ; (v) time lag of ignition of fuel ; (vi) rpm ; (vii) combustion 
cfiamber wall temperature. 
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23 E £?CX eSe^e want al-iglion nearly as possible and therefore desire a short 
delay period and low self-ignition temperature of the fdel. J 

Factors tending to reduce knocking in S.I. and C.I. engines : _ 


Factors 


(i) Compression ratio 

(ii) Inlet temperature 

(iii) Inlet pressure 

(iv) Self-ignition temperature of fuel 
fr) Time lag of ignition of fuel 

(vi) r.p.m. 

(vii) Combustion chamber wall temperature 


S.I. Engines 


C.I. Engines 


Low 

High 

Low 

High 

Low 

High 

High 

Low 

Long 

Short 

High 

Low 

Low 

High 


Q. 24. Why does rate of pressure rise during combustion is limited to a certain 
value ? 

and the smooth running of the engine. • hp 

th, running of 



Visit: www.Civildatas.com 


























www.Cmldal a s xom - 


60 


internal combustion engines 


C.I. engines. ^ ™™ bustion Presses in S.I and 

the ignition delay in C.I. engines. ' * * inhibitor m fuel oil helps to change 

p ’7“’“ ™ sx cx , 

However, if the ignition delay is ionir thn a 
ignition, thereby inhibit knocking. On the oth^r hLT f“ Wi ” haVe less tendenc y for auto- 
par of end mixture will auto-i^ite b5^^*& t VU ** de,ay is ^ort, a substantm, 

Wkmg, vibrations, and increased heat loss and HtTi reaches This wil1 cause severe 

delay in S.I. engine affects the last phase of combultion^h^ Thus ignition 

C.I. Engines. The ignition lag is the preparatory h may e ^normal combustion, 
been admitted, bat has not yet ignited. It hoffxtremein f n / T* "*** S0 ™ f uel trendy 

smoke Z mt \ and kn ° Cking - 14 has als ° influenZlTZZeZ its °» both the 

smoke m the exhaust. 7 e on en Sme starting ability and the presence of 

temperatures and pressureZlh^winTeZZ thT^ P TT‘ Combustion - Md low maximum 
smooth and knock free. ““ the thermal e fT™ncy though the engine wiUrZn 

-On the other end, a long ignition May will cause the rate of pressure rise per crank 

^ 1 “ ** ^ n “ wm "•* 1/ £ ^ 3 , w 


uncontrolled combustion, i.e. the second stage of tombustion^ ° f COmbustion ' ) wi]I affect the 

Knock inhibitors : 

diesel fuels toTmprZetheir ^tanZnlZber^se aSy^T" ^pounds are added to 

heating values. They combine with carbon and hvdrrf * ! kgh y ex P losiv ®. and have high 

tit . i ^ause of their high explosive^Z cSZZ T * ^ ^ ° f «”~ d 

ties) reduces the ignition delay, and thus increase the f f SU ° h com P ound s (in veiy small quan- 
. Q.26. “The requirement of air motio^and ^ ffZ number of diesel fuels, 
ber is much more stringent than in an S.I. enjne ” Jush^X COmbustion ch am. 
Ans. Air motions are required in o T ** * Justify this statement ? 

Srd andin CX engme - wecall d swirl. Turbulence which 11 ^ 68 ’ -V' We calt il 

disordered air motion with no general direction nffl < x h ‘S ret * ulred m S.I. engines implies 
to distribute flame throughout an external n J ^ j Up the Surface °f flame front al,d 

required in C.I. engines if an or^ZoeLZTl mixture. Air swirl wWcht 

of flow to bring a continuous supply of\ es h air f W ° 1 °^ air Wlth a particular direction 
products of combustion which otheZise wluld suffocate it and SWeep away the 

If there is no turbulence in SI p»*i ~' r ° cate lt 
great as to make high speed internal combustion Vn^ ° CCUpted by each plosion would be so 
owers the efficiency due to incomplete combustion off”? Lm P ractlca hU. Insufficient turbulence 
? fuel droplets so that ^ *" f" ° fCl * « imposttble 

the miXtUr *l orm l d in combustion chamber is esLnUall^h^ ' *** C ° mbustion sp ™e, the fuel 
air within the cylinder were motionless onlv n J J7 erogeneous • Under these conditions if 
0x ygen and even burning of this fuel would h ’ / ^ SmaU portlon °f fad would find sufficient 
to air so that a T ^ So » is essential tolmpZfswti 

of combustion are swept away. r °ught to each burning droplet and the produces 
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Q, 27. The induction swirl in a C.I. engine helps in increasing indicated thermal 
efficiency. Justify this statement 

Ans. Induction swirl is used in direct injection type engines, where the entire combustion 
space is directly above the piston, and hence the surface-to-volume ratio of the combustion cham¬ 
ber is low. Further, the compressed air and the combustion products do not have to pass through 
a neck narrow connecting passage. Also, the mean combustion temperatures are lower, and there 
is less turbulence. All these factors result in less heat losses, nnd thus the indicated thermal 
efficiency is increased. ' \ 

Q. 28. How C.I. engine combustion chambers are classified ? What type of swirl is 
used in these chambers ? 

Ans. C.I. engine combustion chambers are classified on the basis of method of generating 
swirl . There are four types of combustion chambers 

1. Open combustion chambers 

2. Divided or turbulent swirl chambers 

3. Pre-combustion chambers 

4. Air cell combustion chambers. 

1. Open combustion chambers. The method of swirl used in this type of combustion 
chamber is induction swirl . In induction swirl, flow of air is directed towards the cylinders during 
its entry. An open combustion chamber is one in which combustion space is essentially a simple 
cavity with little restriction and there are no large differences in pressure between different parts 
of chamber during the combustions process. 

2. Divided or Turbulent swirl chambers. The method of generating swirl in the divided 
chamber is by compression. Compression swirl is one in which air is forced through a tangential 
passage into a separate swirl chamber during compression stroke. A divided combustion chamber 
is defined as one in which the combustion space is divided into two or more distinct compartments 
between which there are restrictions or throats small enough so that considerable pressure differ - 
ences occur between them during combustion process. 

3. Pre-combustion chamber. The type of swirl used is combustion induced swirl. A pre¬ 
combustion chamber consists of pre-combustion chamber or anti-chamber connected to the main 
chamber through a number of very small holes. Pre-combustion chamber contains 20 to 30% of 
clearance volume, Pre-combustion chamber has multi fuel capability without any modification in 
the injection system in the type of swirl used i.e. combustion induced swirl, swirl turbulence is 
created by use of initial pressure rise due to partial combustion. 

4. Air-cell combustion chamber. The type of swirl used in this combustion chamber is 
combustion induced swirl. Here there is no organised air swirl. The advantages for this type of 
combustion chamber are ; the maximum pressure on the main chamber is fairly low and hence 
it gives smooth running and easy starting. This type of combustion chamber is most suitable for 
comparatively small engines of medium duty where a relatively high fuel consumption can be 
tolerated. 

Q. 29. In agriculture field\ it is better to use C.I. engine than S.I. engine. Justify 
this statement. 

Ans. 

• The diesel engine has high enthalpy efficiency and particularly at part loads. 

• Due to high compression ratio the engine is robust in construction, 

• There are less fire hazards with diesel oil, and the insurance premiums are consider¬ 
ably lower. 

• Also the diesel fuel is much cheaper on the volume basis (per litre), and further cheaper 
on a mass basis (the density of diesel oil being about 12% more than that of petrol). 
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• The heating values of both the fuels on mass basis are comparable. 

field ZiTr ma f ke . a C J 1 .' 6Dgine m ° re Suitable than S I ' “Sine in agricultural 
machineries manufactured m varying power range' from 15 to 50 kW for agricultural 

Q. 30. How can a diesel engine be converted to a CNG engine ? 

compression rario^ouldbe req^lS^clTnTn ^ ? 3 °\9’ a "«* ** 

engine the modifications necessa^ ^ C ° nVert 8 dlCSel 6ngme to a CNG 

a pressteThSTboventl ^mZT^ * ^ * the CT * in * A ^percharger 4t 

r gaily aoove the atmospheric pressure may also be used 

inject ° fthe injector. The pilot injector would 

coZluswnZsauaJJZf f * $ ^ ^ uired at load > * initiate the 

usiion. inis quantity is to remain constant at all loads 

auto-ig^ion^ete of - S *" ed f ° r fuel with a ^ ven ignition quality with regards to 

number) Also it is ^ W f Dg ’. maximu ® Pressure etc. (i.e. fuel of a specific cetane 

cation. Therefore IftheHie^n ^VT ne T bU ™ the gaseous fuel without »»<* modifi- 
ontimnm nt> f * Diesel (liquid) fuel is to be substituted by the gaseous fuel (CNG) for 

optimum performance the maximum substitute of diesel hv CNO il /.w£# r .l . ,or 

tenstics of the available fuel. ’ * CN ° llmlted by the cetane charac- 

climate" ^ "*** “ ^ ° n aW * fbr startin S C.J. engines under extreme cold 

Ans. Cold starting aids for CJ. engines : 

Many methods have been used in the past to achieve easy cold starting. Few of them are : 

“ * Th “ — *• 

.»«, ^ **** 

3. Pre heating the engine cylinder by warm water. 

4. Modifying valve timings for starting 

■ "” k -** * 

Moderii starting aids : 

1. Electric glow lamps in the combustion chambers. 

2. Manifold heaters which ignite a small feed of fuel 

—* ofl " ■»*- *“■—"» 

altitude ? f h H ° W 19 he volumetric efficiency affected by speed and 

Ans. 

• The volumetric efficiency of an engine is defined as the ratio of actual air capacity to the 
ideal air capacity. This is equal to the ratio of mass of air which enters orTsfowedinto 
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the cylinder in suction stroke to the mass of free air equivalent to the piston displacement 
at intake temperature and pressure conditions 

Mass of charge actually induced _ 

"Hw/ “ Mass of charge represented by volume at 

intake temperature and pressure conditions 

• Power output of an engine is proportional to volumetric efficiency provided the com- 
bustion is complete . 

• The volumetric efficiency of an engine is affected by many variables such_as compression 
ratio valve timing, induction and port design, mixture strength, latent heat of evapora¬ 
tion of the fuel, heating of the induced charge, cylinder temperature and the atmospheric 

TThigher speeds on account of internal effects the charge inhaled decreases and 
consequently the volumetric efficiency decreases. At lower speeds volumetric effi¬ 
ciency is nearly constant, at high speeds it falls rapidly. 

- At altitude the pressure and temperature both decrease. The effect of both is to 
reduce the density and consequently mass inhaled reduces. Thus hig er ea i u e 
lower will be the volumetric efficiency. 

- With normal aspiration the volumetric efficiency is seldom above 80% and to im¬ 
prove on this figure, supercharging is done. Air is forced into the cylinder by a blower 
or fan which is driven by the engine. 

O 34 Why the inlet valve be kept open for a few degree of crank angles even when 
the pill is on the compression stroke f Assume that the engine under consideration is 

a high sp^ en gi n es the cylinder pressure at the end of suction stroke may be 

below in^t pressure. Further, there may be inertia effect in the inlet pipe, due to high velocity 
of the charge In this case delaying the inlet valve closing beyond the bottom dead centre (i.e. when 
L mston fs on the compression stroke) would allow more fresh charge to enter the cylinder. This 
Told volumetric efficiency. Higher the engine 

the inlet valve be kept open when the piston is on the compression stroke (to take advantage 
inertia of incoming air in the inlet pipe). 

Q. 35. “4-stroke I.C. engine is always economical and less pollutant than 2-stroke 
I.C. engine,” Justify this statement. 

^In two-stroke engine the charge has to be compressed outside for scavenging and charg¬ 
ing (this consumes some engine power). A part of this charge escapes irec y r ° ug 
exhaust ports (short circuiting). Thus power spent in compressing tfosfractionofthe 
charge is wasted. Particularly in S.I. engines the charge consists of air-fuel mixture. 
This loss of power and charge is absent in 4-stroke engine. Therefore 4-stroke engine is 
always economical than 2-stroke engine. . 

• Further the loss of charge increases HC in the exhaust in case of two-s ro e engin , 
Hence 4-stroke engine is also less pollutant than 2-stroke engine. 
q 36 Define volumetric efficiency of an I.C. engine. What are the effects of resist- 

0 ^iS£V"*”‘ e "“* *-* m, ‘ r 

Volumetric efficiency of™ 1-C engine it defined a, the retie cf actual ait capacity 
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- - -Unit air charge 

MaSS y airthat would fill the dispk^^f^T 

Eff ... Cy mder at inlet temperature and pressure 

1 pff * J ari ° US faCt ° rS ° n volumet ric efficiency : 
i. iittect of resistance of intake svct**™ an. 

because of fluid friction in the manifold part afdbeZZ ZfZZ !^ d “ small 

slowly opening and slowly closing inlet valve However ^ ( d &icti0n) “ Cross the 

speed increases and unit air charge could approach thflZr SmaI,er 38 the P iston 

correspond to filling the displacement volume with air at ambi^ !”*“*' 11)6 Charge ° f air wouId 
IS. the volumetric efficiency would be 100 per cent But it teraperature an d pressure, that 
velocities of air would lead to progressively greato fl u H I>t‘^,1 the increas:n & 

ramming gam would arise from the momentum oHnc^mf frlCtl0n , al losses ' even ‘hough some 
the unit air charge would have constantly declinin' 11T® Z “, Umn m inlet manifo, d- Thus 
2. Residual gas content At the end f *1 h ^ actenstlcs ’ hence the volumetric efficiency. 
higher pressure and temperature than the fre^h^aree 6xhaust & s ‘ normally, has a 

engine) in the inlet manifold. When the inlet valve onen f e , ngine ’ air and fuel for S.I. 

intake manifold and is then drawn back into the cvfinrf ’ 3 p0 f. tl0n ° f res,dual expands into the 
stroke. It follows that high exhaust presses or ear i o “ “T T “ deSCendS ° n the intaka 
charge because of this residual flowback with theeffLZTT mtake , Valves red ™ the unit air 
speeds, the volumetric efficiency is greatly reduced^ ^ ^ volumetric efficiency. At high 

3. Heat transfer to incoming chart*** r j 

a real engine, are hot and confine the hot residual at I" COmbustion Camber walls, in 

flows into the inlet manifold, the inlet valve and port are When the resi dual 

heated, not only by walls, but also by the hot inlet vsIvp y h r I entenn g fres h charge is also 

is low since the inlet valve closed late, since residual is ’ ^ Z' T ^“ S the volumetric efficiency 
the fresh charge is heated. The mixing process of cold rb lnducte f ™ lth the f resh charge and since 
volumetric efficiency since expansion of charge is aL ST** " ho ‘ residual does not reduce the 

- With increase in load (at constant T compensated by construction of residual, 
decrease, since the temperaZTof ZZlTe ZrZZ ^ 

Q. 37. What are the reauirentpnfQ nf... 

rx -“— f 

i. A source of electrical energy j 

2 » 

cycle for aXnultiXtfXdX ‘eng^t ^ Spark plug of eacb cylinder in every 

4-Th. tolny, rheoid b. . ra „ W y ****, ^ ^ ^ ^ ^ 

l S SZLX; - tbe -»nre. 

7. Be able to fire even when spark plugs are partially fouled 

8. Longer life of breaker points and spark plug 

10 o?d d Sta ; tingWhen the breaker Points open slowly at cranking speed 
10. Good roduc.bd.ty of secondary voltage rise and maximum rise ? 


It may also be defined as. 
Volumetric efficiency = 
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Q. 38. What is the difference between ignition timing and firing order ? 

Ans. Ignition timing is the correct instant for the introduction of spark near the end of 
compression stroke in the cycle . The ignition timing is fixed to obtain maximum power from the 
engine. 

Firing order is the order in which various cylinders of a milticylinder engine fire. The 
firing order is arranged to have power impulses equally spaced, and from the point of view of 
balancing . 

Q. 39. State the functions of an ignition coil and a condenser in the battery igni¬ 
tion system of a multi-cylinder S.I. engine. 

Ans. Function of ignition coil and condenser : 

(i) Ignition coil. The function of the ignition coil is to step up 6 to 12 volts of the battery 
to a high tension voltage (10000 to 20000 volts) sufficient to promote an electric spark across the 
electrodes of the spark plugs. The ignition coil consists of two insulated conducting coils called the 
primary and secondary windings. The primary winding is connected to the battery, and the 
secondary winding is connected to spark plugs through the distributor. In order to boost the 
voltage, the primary winding has a few hundred turns of relatively thick wire, whereas the 
secondary winding consists of several thousand turns of very fine wire. 

(ii) Condenser. The function of condenser in the ignition system is to help the rapid 
collapse of the magnetic field and to store up the energy momentarily when the contact breaker 
points open , so that due to high voltage it may not jump between the breaker points. 

Without the condenser, the induced current would establish an arc across the contact 
points when they separate, and therefore the collapse of the field would be prolonged, and the 
voltage rise in the secondary coil would be slow. Meanwhile most of the energy stored in the 
magnetic field would be consumed in an arc across the contact breaker points (rather than arc 
across the spark-plug electrodes). 

Q. 40. What is the main defference between the battery and electronic systems ? 

Ans. The main difference between the battery and electronic ignition systems is as follows : 

• In battery ignition system contact breaker is used for making and breaking the 
primary circuit of \he ignition coil. This making and breaking of the primary circuit is 
responsible for providing a high voltage across the spark plug electrodes. The contact 
breaker consists essentially of a fixed metal point against which another metal point 
bears. A cam driven by the engine shaft is arranged to open the breaker points when¬ 
ever an electric discharge is required. 

• In electronic ignition systems electronic triggering is used to interrupt a circuit 
carrying a relatively high current. It makes an ideal replacement for the breaker points 
and the condenser. Many variations of the electronic ignition system are available. 

— In one of the versions the contact breaker and the cam assembly of the conventional 

battery ignition system are replaced by a magneto-pulse generating system which 
detects the distributor shaft position and sends electrical pulse to an electronic control 
module. The module switches off the flow of current to the primary coil, inducing a 
high voltage in the secondary winding, which is distributed to the park plugs as in 
the conventional breaker system. The control module contains timing circuit which 
later closes the primary circuit so that the build up of the primary circuit current can 
occur for the next cycle. 
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Thus the main difference between the conventional (Battery) ignition system and electronic 
ignition system is that in the former the electrical circuit is made and break by mechani¬ 
cal devices, whereas in the later it is by electronic circuit. 

Q. 41. What are the differences between battery and magneto-ignition systems ? 

Ans. 

• In battery ignition system a 6-12 V battery is used to provide primary voltage, and 
a separate ignition coil is required to boost up this voltage needed to operate tHe spark 
plug. 

• Magneto is a special type of ignition system with its own electric generator to provide 
the necessary energy for the system. It is mounted on the engine and replaces all the 
components of the battery ignition system except the spark plug. The magneto when 
rotated by the engine is capable of producing a very high voltage and does not need a 
battery as a source of external energy. 

The differences between the battery ignition system and the magneto ignition system are 
given in the table below : 


Battery ignition system 

Magneto ignition system 

1. Current for primary circuit is obtained from 

1. The required electric current is generated 

the battery. 

by the magneto. 

2. Difficult to start the engine when the bat¬ 

2. There is no problem of battery discharge. 

tery is discharged. 


3. Maintenance problems are more due to 

3. Maintenance problems are less, since there 

battery. 

is no battery 

4. A good spark is available at the spark plug 

4. During starting the quality of spark is poor 

even at low speed. 

due to low speed. 

5. Efficiency of the system decreases with the 

5. Efficiency of the system improves as the 

reduction in spark intensity as engine speed 

engine speed rises due to high intensity 

rises. 

spark. 

6. Occupies more space 

6. Occupies less space. 

7. Commonly employed in cars and light com¬ 

7. Mainly used in racing cars and two 

mercial vehicles. 

wheelers. 


Q. 42. “S.I. engines are generally not supercharged.” Justify this statement. 

Ans. The factors which affect knocking in S.I. engines : 

— Compression ratio ; 

.. — Mixture strength ; 

— Fuel characteristics (Octane number, ON) ; ! 

— Initial pressure. 

, — In these engines the limit of supercharging is fixed mainly by knocking, because the 
knocking tendency of most fuels is increased by increasing the inlet pressure and 
temperature, or both. At the same ON requirement, if the charge density is increased 
the compression ratio has to be decreased considering the knock limits. Thus the power 
by the supercharged engine is increased but at reduced thermal efficiency. 

— Further, supercharged S.I. engines are usually to run on rich mixture, for maximum 
power. This also results in a higher s.f.c. 

Therefore, S.I. engines are not generally supercharged, except to compensate for loss of 
powejr at high altitudes. 


Visit: www.Civildatas.com 


QUESTIONS BANK (WITH ANSWERS) 


67 


Q . -Sur.nHw.S I- pr+nrt * «*- -«*“ *** 

this statement. 

^Supercharging increases ^ 

compression. Thus by supercharging the effete becomes sinooth> the rate 

of'pressure'rise SSecond^C^mbustion is reduced, and the tendency for knocking 

. In St engine the short tuition delay promotes 

h^he r r e ON n wo a Jld 0 have ^L usedYoth of these would increase ^operating cost. 
Hence, supercharging is preferred in diese, engine ^ gtofemcn ,. 

iTi* 

out^^of^l^ei^neYiH - ^ T ° — "I' P ° Wer 

quDercharging is essential for an aircraft engine. . f e 7 1 d c j 

supercnarging thr'extent of supercharging of S.I. dnd C.i. 

Q. 45. Explain the factors that limit the exte I 

engines. 

Ans. „ , nn d ore-ignition due to increase 

• In S.I. engine the main limiting factors are detonation an p g 

in temperature by excessive supercharging. ... d t perm it large increase 

. The other limitations common to both types of engines which do p 

in boost pressure are : ,citmed to withstand the resulting 

B High boo* 

^ - »-'• - ■—- *— 

» c-.g ,y.». -- >»“>'« — h “*' tom *“ “ f 

cylinder wall and piston top. , increase of pressure ratio. 

MTh. P.W.. »d *.*. -» b. ■b-b.d by ft. 

IZ: L, XL by «»«•*«<- « ia “ gi ~-' ^ 

c barging i> Aj 'b* is He proof of mpp‘mg «ir ! air-foe! 

Ans. Meaning of Supercharpng. Supereharging 0 naturally aspirated engine 

mixture into an engine ata Pressure higflertha.nthe increa sed density) results in increase 

takes from atmosphere. The increas disdacement The supercharging is done by a pressure 

b« k ” lh * “ e ”- ” 

by an exhaust driven turbine, called turbocharger. 

sirs <•* z ? ■arrri - - *— 

(u) Compensate for loss of power at higher altitude, such 

^Supercharging is essential for aircraft engines because the aircraft engines loose power as 
the altitude increases due to reduction in atmospheric density. 
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internal combustion engines 




fuel-air CYCLE 

20 ■■ I M,e a CL .ngil »"« «-on 

.’ £3*" w,th h *" 

compression stroke, compressed aWha^ng hifhffff " particfcs in «• end of 
ingm contact with this air it burns. Henc ! there iSZ fi feature and on com - 
with the lean mixtures. re is no problem of combustion of fuel even 

proportion in S.I. engines should be within this limit 'for 8 : 1 to 18 : 1. The mixture 

e carburettor supplies the mixture of air and foil he* mt ™ n ^ staining of the flame. 

and mV eqUlrementS ° fstartln g from cold, idling !* ’ dependin g upon the 

and maximum power (rich mixture). *’ runnrng (maximum economy mixture), 

by varying the quantity of fud.Vh^is wthrottlfoe ofo h f t . er ° ee ^ ous - and the load control is 
supplied by injector at starting and no load As thp f ” s A V6ry Sma,i <) ua ntity of fuel 
increased. At full load, for smoke free exhaust and t . !• ^creases, the quantity of fuel is 

ou T h fi"; dep r in& upon the the air - fuei rati ° -- 

local mixture of air-fueffomedlsb^'en^the ignUiCr^fof Chamber at lo «tions where the 
ratio m the cylinder being much higher than the lSte ° f '° Vera11 air ‘ fuel 

Q. 49. WTiaf is the difference between air-standard 

Ans. In the air-standard cycle the working subst d T* 1 ** fuel air c y cles ■ 
taken as air. It is considered as a perfect gas with t ? dlmng th ® operation of the cycle is 
throughout the cycle. The fuel-air cycle, on the ItherTaTd “'T POSition and instant properties 
(i) The actual composition of the cylinder gas The V d ** mt ° aCC0Unt the foll °wing ; 

- ^SSSMSSSr *^ ** of co . H H and O 

cl: ,h - 

(U) The heat transfer to and from th* ^ mStantaneous combustion. 

(tit) Loss of work on the expansion striked fo^T COmpression and expansion, 
exhaust blowdown. k due to ear 'y opening to the exhaust valve, and 

( iv) Gas-leakage, fluid friction etc. 
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Q. 50. (a) Make a comparative statement of operations and working media for air 
cycle , fuel-air cycle and actual cycle of SI engines. 

(b) Explain (i) air-standard efficiency , (ii) thermal efficiency and (iii) relative 
efficiency of an engine. 

Ans. (a) Comparison of operation and working media : 

(t) Air cycle. The working medium is air throughout the cycle. It is assumed to be an ideal 
gas with constant properties. The working medium does not leave the systepn, and performs cyclic 
processes. There are not inlet and exhaust strokes. The compression and expansion process are 
isentropic. The heat addition and rejection are instantaneous at T.D.C. and B.D.C. respectively, 
at constant volume.. 

(ii) Fuel air cycle. The cylinder gases contain fuel, air, water vapour and residual gases. 
The fuel-air ratio changes during the operation of the engine which changes the relative amounts 
of C0 2 , water vapour etc. The variations in the values of specific heat and Y with temperature, 
the effects of dissociation, and the variations in the number of molecules before and after com¬ 
bustion are considered. 

Besides taking the above factors into consideration, the following assumptions are com¬ 
monly made for the operation : 

1. No chemical change prior to combustion. 

2. Charge always in equilibrium after combustion. 

3. Compression and expansion processes-frictionless, adiabatic. 

4. Fuel completely vaporized and mixed with air. 

5. Burning taking place instantaneously, at constant volume, at T.D.C. 

The fuel-air cycle gives a very good estimate of the actual engine with regards to efficiency, 
power output, peak pressure, exhaust temperature, etc. 

(iii) Actual cycle : 

1. The working substance is a mixture of air and fuel vapour, with the products of com¬ 
bustion left from the previous cycle. 

2. The working substance undergoes change in the chemical composition. 

3. Variation in specific heats with temperature takes place. Also the temperature and . 
composition changes due to residual gases. 

4. The combustion is progressive rather than instantaneous. 

5. Heat transfer to and from the working medium to the cylinder walls takes place. 

6. Exhaust blowdown losses take place, i.e. loss of work due to early opening of the exhaust 

valve. 

7. Gas leakage and fluid friction are present. 

The points (4) to (7) make the actual cycle differ from the fuel-air cycle. 

(b) (i) Air-standard Efficiency (rj^ ). It is the efficiency of the idealised cycle, in which 
air is assumed to be the working substance . The compression and expansion processes are as¬ 
sumed frictionless and adiabatic. The addition of the heat is at constant volume (for Otto cycle), 
or at constant pressure (for Diesel cycle), and the heat rejection is at constant volume. 

(ii) Thermal Efficiency (t^ ). It is the efficiency of the actual engine, defined as the 
actual work (Indicated or Brake), divided by the heat released by the combustion of fuel. 

Thus - P QWer output, kW (Indicated or Brake) 

^ Fuel consumption (kg / s) x C of fuel 

Based on indicated power, it is indicated thermal efficiency, and based on brake power it 
is brake thermal efficiency. 
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INTERNAL COMBUSTION ENGINES 

'tSSiSSST* «*—- «**■<» 

TWO STROKE ENGINES 

i.w„ d f!L T t h op rv r/:“* 

=sm 

Q. 52. Discuss briefly 'Mist lubrication system’. 

Ans. 

# L h thf y e w, !• USed Where / rankcase lubrication is not suitable. In two stroke engine 

2 in the"uxnp TenZ T U- “ ** n °‘ P° SSlble to ba - «» lubriXg 

lubricating oil ismivd 

2 X stZ lS T d thr r gh the The fuel is vaporised and oil n Re form of 

Tub ifn 2 T C lnt ° the Cylmder - The ° il "»« Me crankaLTZTs 

ptTZZ SSSSSSLT 16 ” and iAe "* ° fthe -«*— «• 

* tf t S ZdfhZfTZ em / n f - e8 ’ the lubricati "g oil « directly injected into the carburet- 
oil from a separate pump. “ regUlated ' In this system the main bearings also receive 

«... *- 

hence C.I. engme is more suitable for two-stroke operation. 

be™ fr’ SU P pUed *° the cylinders after the exhaust ports are closed, there will 

b as °ood° s^ro I 1 " 6 indi f ed th6rmaI efficicnc y of the two stroke Vr£2 S 
with f 1 that f f° ur - strok e engine. In an S.I. engine the scavenging is done 

near the end ^ CJ ' T 8 !?® the fUe ' '° SS * S avoided ’ 88 the fuel is injected 

® the nd of com Pression stroke when the exhaust valve is closed. 

the 6 ™"' 0 Str ° ke J S I J en gi ne runs irregularly and may even stop at low speeds when 

h n inlur ££* ‘° ' 2 ^ ta *** a “ °f residual g^fs (m or e 

mav he j°"Jt^? n ^® ) l “ ,, »d with sm aH amount of charge. At low speeds there 
may be backfmng due to slow burning rate. In C.I. engine there is no fidelity It 

idling because the fresh charge (air) is not reduced, and also backfiring is abslnt 
as there is no fuel present in the inlet system. acwinng ,s absent, 

0 ^ 54 . Why do the two-stroke C.I. engines find wide use in marine propulsions ? 

• Two-stroke C.I. engines find wide uses in marine propulsion for the following reasons ■ 

I -f re un,form ‘orque, the ideal requirement for the propeller. 

co 0 ohng 00hng ^ req “ red “ tW °‘ Str0ke engin6S ’ P ' enty ° f 863 Water is available for 

3. C.I. engines have no loss of fuel in scavenging. Hence have higher thermal efficiency. 
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4 Propeller imposes the condition that maximum power must be developed at about 
100 rpm. Two stroke engines may be made of slow speed, and with large displacement 
volume (over 60 cm bore), and of capacity 5000 kW and above. These slow speed 
engines can be coupled directly to the propeller of the ship, without the necessity of 
gear reduction. 

• Two-stroke C.I. opposed piston engine (cross-head type) is mainly used for marine pro¬ 
pulsion. 

Q. 55. Why are two-stroke S.I. engines more commonly used in low horse power two 
wheelers ? 

Ans. When applied to S.I. engines, the two-stroke cycle engine has certain disadvantages 
which have restricted Its use to small low horse power engines. In S.I. engines the charge consists 
of a mixture of air and fuel. During scavenging both, inlet and exhaust ports are open simulta¬ 
neously for sometime. Some part of the fresh charge escapes wit\exhaust which results in higher 
fuel consumption and lower thermal efficiency. For small two-wheeler engines the fuel economy 
is not a vital factor. Here light weight and low initial cost are the main consideration, 
which are the main characteristics of two-stroke S.I. engines. 

Q. 56. Why is crankcase scavenging used only for low power engines ? 

Ans. Crankcase scavenging is very uneconomical and inefficient in operation. 

— The amount of air which can be used for scavenging is less than the swept-volume of 
the cylinder. The amount of charge transferred through the port is only 40 to 50 per 
cent of cylinder volume, and hence it is not possible to scavenge the cylinder completely 
of the products of combustion. This results in low m.e.p., typical values being 3 to 4 bar, 
thus limiting the power output. 

— A further disadvantage is that the oil vapour from the crankcase mixes with the scav¬ 
enging air. This results in high oil consumption. 

Because of these disadvantages, the crankcase scavenging is not preferred for high output 
two-stroke engine (where separate scavenging pump is used) and is used only for low power 
engines. 

Q. 57. Why are two-stroke diesel engines , for large power , more common than two- 
stroke S.I. engines ? 

Ans. In addition to high fuel consumption, the other drawback of two-stroke S.I. engine is 
the lack of flexibility —the capacity to run with equal efficiency at any speed. If the throttle is 
closed below the best-point, the amount of fresh mixture entering the cylinder is not enough to 
clear out all the exhaust, some of which remains in the cylinder to dilute the charge. This results 
in irregular running of the engine. 

The two-stroke diesel engine does not suffer from these defects. There is no loss of fuel with 
exhaust gases as the intake charge in diesel engines is air only. The two-stroke dieSel engine is 
therefore used quite widely for large power output. It has further advantage of a higher output 
from the same size engine, and absence of complicated valve mechanism (over the four-stroke 
engine). 

Q. 58. What is the reason that two-stroke engine is not used in car even though it 
develops theoretically twice power than that of four-stroke engine ? 

Ans. A majority of cars are fitted with S.I. engines due to light weight and good pick up. 
The two-stroke S.I. engine is not used in cars as it suffers from two big disadvantages —fuel loss 
and idling difficulty. 

— In S.I. engines using carburettor, the scavenging is done with fuel air mixture, and only 
the fuel mixed with the retained air is used for combustion. Thus a part of fuel is lost 
with scavenging air, giving poor fuel economy. 
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~ a 3 n 2b^VhTsTd'^T' even may St0P at low 1~* -hen 

in four stroke enle)Z xin e wilh, “ H '”*??*** ° {residuai «« (more than 
be back firing due to sW burmng ra£ *“* ° f *“**• A ‘ '° W Speeds there 

system^omplkated^and'^Uie^nmjntTnance costfJalso - US ' n ^ ^Hnjeetion. But this makes the 
to give trouble), and hence ^ injeCti ° n pum » is *• first 

FUELS 

0^59. Briefly explain the chemical structure of petroleum. 

other ,e w „„ Js h J ng <* 

• j^rrsar? * -* - «*i~ 

Mt™«, J » to ff*” »« or 

" »d r0 £X£^„S,‘S“r l . k *«" *“"> »•>' be linked in different 

hydrocarbon groups ^ ** and P h >^ Properties of the different 

Q 60. Give the general chemical formulae of the following fuels : 

AlsoZl^h ° l f n , (iii) m ° 1 ^ 0»> Naphthalene (v) Aromatic, 
or unsaturated. “ d men tion whether they are saturated 

Ans. Primary Hydrocarbon Families in Petroleum 


Family 


Paraffin 

Olefin 

Diolefin 

Naphthene 

Aromatic 


General formula 


c„h 2 „ 

C,,H 2 „_ 2 

c „h 2 . 


Molecular 

arrangement 


Chain 

Chain 

Chain 

Ring 

Ring 


Saturated / 
unsaturated 


Saturated 
Unsaturated 
Unsaturated 
Saturated 
Highly unsaturated 


effnin &£ "mM ^« inp.lml.n. F WIM „„ 
engine fuel and C.I. engine fuel ? ' ’ ^ n f primary families tends to be better S.I. 

below AnS ‘ The flVe Pnmary hydr ° Carb0n families -hich are found in petroleum have been listed 


(0 Paraffin 
Hi) Olefin 
(Hi) Diolefin 

(iv) Naphthalene 

(v) Aromatic 


Chain type 
Chain type 
Chain type 
Ring type 
Ring type 


c„h 2 „, 

c„h 2 „ 

C r H 2 „. 

c„h 2 „ 

C„H„ , 
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S.I. engine fuel. Paraffin series have the maximum tendency to knock whereas aromatic 
series have the minimum tendency to knock and Naphthene series comes in between the two. 
Hence for S.I, engine fuel, Aromatic family is the best fuel. 

C.I. engine fuel. Better fuel for C.I. engine will be one which will have higher value of 
cetane number and the more paraffins hydrocarbons are contained in fuel, higher will be its 
cetane number. Hence the paraffinic hydrocarbons provide a better fuel for C.I . engine. 

Q. 62. What are the different kinds of fuels used in an I.C. engine ? 

Ans. The different kinds of fuels used in an I.C. engine are : ^ 

(i) Gasoline (U) Diesel 

(m) LPG ( iv ) Benzol 

(u) Alcohol 

(u£) Gaseous fuels such as natural gas, produces gas, blast furnance gas and coke oven gas. 
(i/m) Ammonia. 

Q. 63. What are the important properties which S.I. engine fuel possess ? 

Ans. The following are the important properties which S.I. engine fuel should possess : 

1. Volatility. i.e. t easily vapourise and mix with air, should not form vapour lock. 

2. Antiknock quality, and should not preignite easily. 

3. Absence of gum and varnish deposits. 

4. Low sulphur contents, anti-corrosion and clean burning. 

5. Ease of handling. 

6. High calorific value. 

7. Low cost and availability. 

Q. 64 Why volatility is an important quality of S.I. engine fuels ? 

An b. The volatility of an S.I. engine fuel is an important quality because it affects the 
following in the engine : 

(0 Starting (»*) Warm up 

(iii) Normal operation ( iv ) Crankcase dilution 

(y) Vapour lock ( vi ) Carburettor icing. 

Q. 65. Explain briefly the following in regard to a fuel : 

(i) Vapour lock characteristics; (ii) Crankcase dilution. 

Ans. ( i ) Vapour lock characteristics : 

• Vapour lock is a situation where too lean a mixture is supplied to the engine. The 
automotive fuel pump should handle both liquids and vapours. If the amount of fuel 
evaporated in the fuel system is very high the fuel pump is mainly pumping vapour and 
very little liquid will go to the engine. This results in very weak mixture which cannot 
maintain engine output. 

• Vapour lock causes uneven running of an engine, stalling while idling, when thoroughly 
heated irregular acceleration, difficult starting when-hot, or momentary stalling when 
running. 

• The vapour lock tendency of the gasoline is related to front end volatility. The vapour 
liquid ratio (VZL) of a gasoline directly correlates with the degree of vapour lock likely 
to be experienced in the fuel system. At V/L ratio of 24 vapour lock may start, and at 
V/L ratio of 36 vapour lock may be very severe. Therefore, the volatility of the gasoline 
should be maintained as low as practicable to prevent this type of difficulty. 


Visit: www.Civildatas.com 








































74 


INTERNAL COMBUSTION ENGINES 


Visit: www.Civildatas.com 


(ii) Crankcase dilution : 

• If the tail-end evaporation has too high evaporation temperatures, this part of the fuel 
will not be completely vaporised and will be carried as fuel droplets into the combustion 
chamber.This liquid fuel gets past the piston rings into the crankcase where it dilutes 
the oil and decreases viscosity. It also washes away the lubricating oil film on the 
cylinder walls. 

• Crankcase dilution is more at low engine operating temperatures, such as those encoun¬ 
tered in cold weather, stop and go driving where the oil temperature never gets high 
enough to evaporate the diluent. The crankcase dilution will be significant in such 

cases. 

• 7he relative tendency of the fuels to cause the dilution of the lubricating oil lies in the 
order of their 90 per cent ASTM distillation temperature. As long as the 90 per cent 
point, which indicates the boiling range of the 80-100 per cent fraction, lies near 180°C, 
dilution is not a danger. 

• Engines using heavy fuels, such as kerosene and distillate, may suffer from poor lubri- 
cation of pistons and rings because of excessive dilution. 

Q. 66. While volatility of the fuel is a determining factor in the selection of fuels 
for &./. engines, ignition quality of the fuel is the primary deciding factor for C.I en¬ 
gines. Discuss briefly the statement. 

Ans. 

• Volatility of a liquid is its tendency to evaporate under a given set of conditions. It is 
an extremely important characteristic of S.I. engine which affects engine performance 
and fuel economy characteristics. 

Cold starting of S.I. engine is improved if front end volatility is higher but it may 
lead to increased problems of hot starting and vapour lock. 

The mid range (20 to 80 per cent) portion should be volatile enough to give satisfac¬ 
tory air-fuel ratios under a variety of operating conditons. 

Low tail end volatility will help in good mixture distribution and hence good fuel 
economy. 

In addition to above volatility affects short and long trip economy, acceleration and power, 
warm up, smoothness, hot stalling, carburettor icing, dilution, deposits and spark plug fouling etc. 

Thus volatility of fuel is a determining factor in selection of fuel for S.I. engines. 

• Ignition delay, the time period between start of injection and start of combustion has 
a great influence on correct optimisation of diesel engine. 

If it is too long the rate of pressure rise, once it starts, can become so rapid that 
severe diesel knock and engine damage can occur. 

If it is too short then thfere is not sufficient time for complete mixing and smoking 

can result. 

Ignition quality of fuel is the primary deciding factor for C.I. engines because delay period 
affects rate of pressure rise and hence knocking (and this delay period depends on the ignition 
quality of fuel). If a fuel is of good ignition quality, then its delay period will be less and hence 
chances of knocking \yill be lessened. The diesel engineer aims at using a fuel of good ignition 
quality which means a fuel of high cetane number. 

Q. 67. Distinguish clearly between ‘Octane Number’ and ( Cetane Number\ What 
are their significances in rating of fuels for S.I. and C.I. engines ? 

Ans. Octane Number : 

• The octane number rating of the fuel is the percentage, by volume, of iso-octane in 
a mixture of iso-octane and normal heptane, which exactly matches the knocking inten¬ 
sity of a given fuel, in a standard engine under given standard operating conditions. 
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• It is an expression which indicates the ability of a fuel to resist knock in S.I engine. The 
higher the octane number rating of a fuel, the greater will be its resistance to knock and 
the higher will be the compression ratio which may be used without knocking. Since 
power output and specific fuel consumptions are functions of compression ratio, it can 
be said that these are also functions of octane number rating. 

Cetane Number : 

• It is defined as the percent by volume of cetane in a mixture of cetane and alphamethyl- 
naphthalene that produces the same ignition lag as the fuel being tested, in the same 
engine and under the same operating conditions. 

• Knock in a C.I. engine is due to sudden ignition and abnormally rapid combustion of 
accumulated fuel in the combustion chamber. Such a situation occurs because of an 
ignition lag in combustion of fuel between time of injection and actual burning. The 
property of ignition lag is measured in terms of cetane number. 

_ Higher cetane number means a lower delay period and smoother engine operation. 

_ Lower the cetane number, lower are starting times at ambient temperatures. Lower 

the cetane number, higher are the hydrocarbon emissions and noise levels. 

Q. 68. What are the reference fuels for ‘Octane Number* ? 

Ans. Reference fuels for ‘Octane Number’ are. iso-octane and normal heptane. 

Q. 69. What are the reference fuels for ‘Cetane Number* ? 

Ans. Reference fuels for ‘Cetane Number’ are cetane and cx-methyl naphthalene. 

Q. 70. What is performance number (PN) ? 

Ans. Performance number is indicative of the maximum power which may be obtained with 
that fuel , without knock, relative to maximum power which may be obtained using iso-octane, also 
without knock . Iso-octane is assigned a PN of 100. 

Q. 71. What is the significance of ASTM distillation curve ? 

Ans. . . 

• The method of measuring volatility of gasoline is standardized by the American Society 
of Testing Materials (Ai>TM), and the graphical representation of the results of the tests 
is referred to as the ASTM distillation curve. Since gasoline is a mixture of different 
hydrocarbons, volatility depends on the fractional composition of the fuel. 



Volume evaporated (%) —--► 

Fig. 4. Typical ASTM distillation curve for gasoline. 
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' SCJSSiSL'S, 1 * ‘Vi- “<» <•'“ ■» * -p».i 

boils at a definite temperature 1 „ P~eof lt s own vapour. The fraction that 

the temperature at which 10, 40 50 and TO n^r ee itorfth^ characteristic Points are 
as the temperature at which boLl „?the leW ^ eva P° ra ^, as well 

curve is plotted in the Fig 4 terminates. A typical ASTM distillation 

of plunger-barrel assembly is dependent only on fopto? 1088 -? 16 T However > th e lubrication 
engine fuels are required to have some viscosi™ ° Slty ’ 311(1 ° n 8CC0Unt th e diesel 

irlM'TnJZT 3 ^ deSired ^ ** f ° inhibU det0nation ? 

In general, lower the selfdgnUbnt^p^rftJrf^r^f^r^ ^ ^ . pr0perties ° f the fuel used. 
greater the tendency to knock. ^ ^ ° T greater lts Preflame reactivity, the 

* *'*"** iD S L engines ' Hlgher the 

‘ mut tonTeTcy to'to 6 o S ck a to aliphalfh"^’ “V ^ ^ haVe the mini- 

general, lessertendon knolkS? hydrocarbons, saturated compounds show, in 

tion of compounds liL^tfaJd^nT^ hy “ 0ns ' the excep- 
IndZy toST' * ^ -’•«*- structure is associated with a lower 

• Thus the best SI engine fuel is that having the highest octane number 
C.I. engine : 

* STZ™' 1,8 5 *»T*— t«~l <«mm 

amount of fuel accumulated in the combustionThamh S ^ lgmtlon lag “creases, the 
tion actually takes place abnormal Zount rfene “l 633 ? 3 ; and when combu =- 
excessive rate of pressure rise which results ^ ’ S ..^ ddenly ^leased causing an 

engine fuel should have a shortTfitiT^y^T^ kn ° Ck ' HenCe a good CI 
m rni _ , , . uri ^nition lag and will ignite more easilv 

W «l Hat7a crSSS 


\ 
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PART III 

ADDITIONAL TYPICAL WORKED EXAMPLES 

(Including Indian Universities and Competitive Examination’s Questions) 

Example X. A diesel engine having compression ratio of 16 uses thefuH The compres¬ 

sion follows the law pv 1 - 4 = constant If the engine uses 64% excess air and the temperature at the 
beginning of compression is 325 K, find the percentage of stroke at which combustion is completed. 

Assume c p ~ 1.0 + 21 x 1CP 6 T kJ IkgKand T is in degrees' kelvin. C. V. = 44000 kJ I kg. Assume 
that air contains 23% by weight of 0 2 . (M.U., May-1999) 

Solution. Given : r = 16 ; Excess air used = 64%; T 1 
= 325 K ; C.V. = 44000 kJ/kg. 

Fig. 1 shows the cycle of operation. The minimum 
amount of air required to burn 1 kg of fuel can be calculated 
by using the, following chemical equation : 

C 7 H 16 + U0 2 = 7C0 2 + SK^O 
100 + 352 = 308 + 144 
352 

1 kg of fuel requires kg of 0 2 and 


352 100 


kg of air = 15.3 kg 


100 23 

Actual air supplied = 15.3 x 1.64 = 25.092 kg/kg of fuel. 


,cut-ofr=^=V"=^P-i 

16l>2 16^2 


From compression process 1-2 , we have 



Fi : 
^2 


...(0 

= r = 16 


V 1 


J-l 


K16) 1 


or To = 325 x (16)° 4 = 985 K 


' 2 ' 

The heat supplied per kg of fuel = Heat given to the gases during the process 2-3. 


44000 




2 ^ "*/ 


or 
or 

or 10.5 x 10” 5 T 3 2 + T 3 - 2762.7 = 0 


44000 = f 8 (25.092 + 1)(1.0 + 21x 10" 5 T) dT 

44000 r r 3 * 

(L0 + 21x 10“ 5 T) dT 

! .985 

- 1 - 2 1(r5 [T 3 2 - 085) 2 ] 
1686.34 = T 3 - 985 + 10.5 x 10‘ 5 T 3 2 - 101.87 


26.092 .985 


T _ - 1 ± /l 2 -+ 4 x 10.5 x 10 5 x 2762.7 _ 
3 ~ 2x10.5x10 5 


1+ 1.47 


2 x 10.5 x 10 


^5 = 2238 K. 
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From constant pressure process 2-3, we have 

H-i v 3_T 3 

t 2 t 3 or 

Substituting this in eqn. (t), we have 
1 


2238 
985 : 


: 2.272 


% cut-off = — (2.272 - 1 ) = 0.0795 or 7.95%. (Ans.) 

stroke !!!/? 2 ‘ Calculat i et !' e di a™ter and length of the stroke of a diesel engine working on 4- 
stroke constant pressure cycle from the following data : * 

Power developed (indicated) = 18.75 kW 

= 200 r.p. m. 

=14 


Speed of the engine 
Compression ratio 


20 
= 2.5 
= 1.3 
= 1.35 


th of the stroke 


Fuel cut-off 

Stroke-to-diameter ratio 
Index of expansion 
Index of compression 

Assume the pressure and temperature of the air at the inlet as 1 bar and 40°C respectively. 
Solution. Given : I.P. = 18.75 kW; N = 200 r.p.m.; 

-I A v 3 V * L 

r = 14, _ = 15 . 

v 2 20 D ' 

Pi = 1 bar; Tj = 40 + 273 = 313 K 
Diameter and length of the stroke, D, L : 

u s = (r- 1 ) v c 

From the compression process 1-2, we have 

Pl V i n =P2 V 2 n 


P2 


•*&r- 


lx(r) 1! 


= 1 x (14) 135 = 35.26 bar 
P r 2 ~ P3 “ 35.26 bar 
From expansion process, we have 

Ps v 3 n =P^ 4 n 



P4 ~ P3 I 


= 35.26 


S 3 

II 

& 

V. 

v c + ~-*- 
c 20 

1.3 

= P 3 

v ' + io (r - 1)v ' 

V c + Vs 

v c +(r-l)v c 


j 




1 + 2^ (14 U 


1+13 


= 2.188 bar 


1 

Pm ~ 

V. 


p 2 (v s -v 2 ) P2P1 - P1V1 

1.3-1 1.35-1 
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y, = ri> ; v Q = 


u 3 = + ^ u s =^C (r - D^c = 165 v c ; v 4 = "1 = ry c 




m (r - 1) y c 


35.26 (1.65 y c -y,) + 


Hu c 

35.26 x 1.65 v c - 2.188 x 14v c 


1.3-1 


35.26 y e -lx 14u„ 


35.26(1.65-1) + 


I P.: 


_3_ 

13 

JL 

13 

p m LANk x 10 


35.26x 165-2.188x 14 
0.3 


1.35 -1 
35.26-141 
6.35 J 


(22.92 + 91.82 - 60.74) = 4.154 bar 
where p m is in bar 


4.154 x L x - D 2 x 200 x ~ x 10 
4_2 


, where L and D are in metres 


4.154 x 1.5D x~-D 2 x 200 x — x 10 
18.75 --^-2- 


Z> = 


6 

18.75 x 6 x 4 x 2 


= 0.284 m or 28.4 cm. (Ans.) 


and 


Q 4.154 x 1.5 x 71 x 200 x 10 J 

L = 1.5D = 1.5 x 0.284 =s 0.426 m or 42.6 cm. (Ans.) 

Example 3. A petrol engine uses a fuel of calorific value 42000 kJ/kgThe compression and 
expansion curves follow the law pV 13 = constant . At 25% and 75% of the stroke on the compression 
curve, the pressures are found to he 2 bar and 5.2 bar respectively. If the relative efficiency of the 
engine is 50% and mechanical efficiency is 75%, find the specific fuel consumption on B.P. basis. 

Solution. Given : C.V. = 42000 kJ/kg ; r\ re i atiue = 50% > *1 mech = 75%. 
pV 1 - 3 = constant; p a = 2 bar ; 
p b = 5.2 bar 
Pa V a M =PtV' 9 

V = V, + 0.75 V 


V, = (r- 1 )V, 

P a (V c + 0.75 v s )P*=p b (V c + 0.25 V s ) 13 
Pa [V c + 0.75(r^l)VcJ 13 

= P b [V c + 0.25(r-l)V c ] 

1.3 

= £>- 
Pa 

\ 1/1.3 

i) 


1+ 0.75(r - 1) 


1+ 0.25(r - 1)_ 

1 + 0.75(r- 1) 

1 + 0.25(r - 1) ‘ 


= 2.0854 
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1 + 0.75r- 0.75 
1 + 0.25 r - 0.25 
0.25 + 0.75r 


= 2.0854 
= 2.084 


or 


0.75 + 0.25r 

0.25 + 0.75r = 2.084(0.75 + 0.25 r) = 1.563 + 0.521r 
_ (1.563 - 0.25) 

~ (0.75 7x521) ~ 5 ' 734 

n . 1 

'air-standard ~7 . v T = 1 —- 

W (5.734) 14 " 1 


t * 0.5027 or 50.27% 




%<!) = x 0.5027 = 0.2513 


Now, 


^relative 

^air-standard 

^(MB) = %(D x T U e *. = 0.2513 X 0.75 = 0.1885 or 18.85% 
r, _ B.P. 3600 

= 7-:-rr— kg/kWh 


rhfXC.V b.s.f.c.x C.V. 


b.S.f.C. a 


3600 


3600 


F %(B)XC.V 018857 42000 = 0-4547 kg/kwh - <Ans.) 

corresponding air standard cycle: ‘ cuto ff ls 0.0125 m 3 . Determine for the 

(0 The cutoff ratio ; 

(Hi) The work done • , ™ ^ clearance ; 

Take c p = 1.005 kj’lkgKand y. « ^ The air sta ^d efficiency. 

Solution. Fig. 4. shows the diesel cycle on p-v diagram (GATE) 

Gwen : V", = 0.1 m 3 ; 7\ = 30 + 273 = 303 K; 

Pi - 0.98 bar. 

Compression ratio, r 3=i(; 

C,earance volume . V, = § = = 0.006667 m3 


,pv T = C 


(i) Cut-off ratio, p = 


V 2 

0.0125 


0.006667 = 1 * 875 * (Ans -> 


0.98 


(ii) The percent clearance = — = 0.06667 
15 

6.667%. (Ans.) 

(ui) The Work done, W : 

T 2 = T i * W 1 = 303 x (15) 1 - 4 -! = 895.1 K 
T 3 = p x T 2 = 1.875 x 895.1 = 1678.3 K 



—Hi K 


T 4 = ?3 


J-l 


= 1678.3 x ( ~5j 


\L4-1 


= 730.5 K 


Heat supplied, Q 2 3 - Cp (T 3 - T 2 ) = 1.005(1678.3 - 895.1) = 787.1 kj/kg 
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Heat rejected, = c v (T 4 - Tf 

= 0.718 (730.5 - 303) = 306.9 kJ/kg j\- c 0 = ^ = = 0.718j 

• Work done > w = Q2-3 - Q4 _i = 787.1 - 306.9 = 480.2 kj/kg 

(iv) The air standard efficiency, 0 a r r ., Undard : 

W 480.2 


’ 'air-standard 


Q2-3 787.1 


= 0.61 or 61%. (Ans.) 


Check: 




p t -i 


•el- 


(1.875) 1 


- = 0.61 or 61% 


] 


YW^p - 1) * 1.4 x (15) 14-1 x (1.875 - 1) “ 

Example 5. In an engine working on the Otto cycle between given lower and upper limits of 
a so ute temperature, T x and T 2 respectively, show that for maximum work to be done per kg, the 
ratio of compression is given by : 


r-ra 


J.25 


where, y = Ratio of specific heats = 1.4 

Solution. Fig. 5, shows the cycle for the Otto cycle. 

7’ 2 = r i x(r)r-l;T 4 = T 3 x('ir 1 

Work done, W = c u (T 3 - T 2 ) - c v (T 4 - 7\) 

= c J T 3 - T, X rt-1) - c e J - Tl 

For maximum work, W is differentiated with the 
variable r and equated to 0. 

dW 


(A.M.I.E., I.C. Engines) 


i.e. 


dr 


= [0 - (y - l)7i(r) T “ 2 ] 


“ (- T 3 x (y - l)r Y - 0] = 0 
or (y - 1) 7\ (r)Y-2 = (y _ 1) T 3 r-t 

Y-2 



or 


Tl - ( r ) T ~ 2 - ( r )2(f-l) 

T\ (r)-7 W 

r = (Tj.'lWMj = f 7^204=0 = 


Fig. 5 


.Proved. 

OJ (Tj 

Example 6. In a hypothetical air cycle, consisting of three processes, an adiabatic compression 
is followed by an isothermal expansion to the initial volume of compression. Finally a heat rejection 
process completes the cycle. 

(i) Draw the cycle on p-v and T-s diagrams and derive an expression for thermal efficiency of 
the cycle in terms of compression ratio r. 

(ii) Also find the efficiency and m.e.p. of the cycle if the compression ratio is 14 and the induc¬ 
tion conditions are 1 barand27°C. Take for air, c p = 1.005 kJ/kg Kandc v = 0.718 kJlkgK. (P.U.) 

Solution. Giuere :r = 14 ;p x = 1 bar ;T a = 27 + 273 = 300 K ;c p = 1.005 kJ/kgK ;c u = 0.718 kJ/kgK. 


jssasaaggai 
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(i) Thep-o and T~s diagrams of the cycle are shown in Fig. 6. 




Consider 1 kg of air. 

Consider adiabatic process 1-2 : 


? = fe) =(rrl ^ = 

Consider isothermal process 2-3 : 

T 2= T Z 

Q 2 _ s = W = RT 2 ln(r) 

Consider heat-rejection (constant volume) process 3-1: 

ea-i-Cptfi-rp 

Efficiency, r| = Work done = Q 2-3 ~ Q)-l _ j _ Q)-i 

Heat added Q2-3 Q2 -3 


(«) 

where 


1 Ss2* ~ r U ! cJTiCr)*- 1 - Ti] 
InO) JHifr^lnW 


= 1 - 


% 

iein(r) 


1 - 


1 


(Ans.) 


Qadded = $2-3 = ^lnfr) 

R = C P ~ c v = 1005 - 0.718 = 0.287 kJ/kgK, 


T 2 = TJrT 1 = 300 x (14) 14 ' 1 = 300 x 2.874 = 862K 

Qadded = 0-287 x 862 x ln(14) = 652.88 kJ/kg 
^rejected =9v <*3 “ Zj) = 0.718(862 - 300) = 403.52 kJ/kg 

^rejected 


Y = 


c l _ 1,005 
Cjj ~ 0.718 ' 


1.4 


\ 

r\ = 1- 


l- ~r 52 = 0.3819 or 38.19% (Ans.) 


652.88 


Alternatively, r\ - 1 - 


0.718 




0.287 xln(14) 


I 1 (u)* 4 - 1 } 


1 - 0.9479 X 0.652 = 0.3819 or 38.19% 
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^net " Qadded Qrejected 

= 652.88 - 403.52 = 249.36 kJ/kg 
v i _ 13 

Swept volume, v s ~ v j - v 2 = v 1 - 14 “ 14 

= I** x ( °‘ 287 X 1 P QQ) x 300 = 0.7995 m 3 /kg 
or 14 y Pi J 14 1x10 s 

mep = = 24936 - 311.89 kN/m 2 or 3.1189 bar. (Ans.) 

* P v s 0.7995 

Example 7. A single-cylinder, single-acting, 4-stroke gas engine develops 18.5 kW B P. at 280 
rpm The atmospheric pressure and temperature are 1.036 bar and 20°C respectively. The diameter 
and stroke of the cylinder are 320 mm and 380 mm respectively. Volumetric efficiency = 71% at 
atmospheric condition. Calorific value of fuel = 18700 kJ/m 3 at 15°C and 1.033 bar. A/F ratio by 
volume = 7.5: 1. Broke thermal efficiency = 28.5 % Calculate . 

(i) The missing cycles per minute. 

(ii) The air consumption in kg per minute assuming the volume of air during missed cycle is 
equal to the volume of mixture (gas and air) during firing cycle. 

(iii) The gas consumption in kg / min. 

Take R (for air and gas) - 287 Nm / kg-K. (M.U.) 


Solution. Given: k = | ; B.P. = 18.5 kW; IV = 280 r.p.m.; D = 320 nun = 0.32 m;L = 380 mm 

= 0.38 m ; r\ uol - 0.71; C.V. = 18700 kJ/m 3 ; A/F ratio = 7.5 : 1; rj rt(JB) = 28.5% ; R = 287 J/kg-K. 

(i) The missing cycles per minute : 

Stroke volume, V, = * D 2 x L = f x 0.32 2 x 0.38 = 0.03056 m 3 

Actual volume taken in = V s x = 0.03056 x 0.71 

= 0.0217 m 3 at 1.036 bar and 27°C 

The gas C.V. is given at 1.033 bar and 15°C, therefore, the actual volume of taken in at 
1.033 bar and 15°C must be calculated. 

Actual volume inhaled at 1.033 bar and X5°C 

_ E036 288 x o q217 _ 0.0214 m 3 

1.033 293 

2.14 m 3 contains the air and gas in proportion of 7.5 : 1 

The gas taken in per working stroke = = 0,002518 m 3 

Heat supplied for each working stroke (firing stroke) 

= Volume of gas x C.V. of gas 
= 0.002518 x 18700 = 47.1 kJ 

B.P. = Heat supplied per cycle x number of working cycles/sec. x r\ th{B) 

18.5 = 47.1 x number of working cycle/sec. x 0.285 

Number of working cycles/sec. = 4 y -j^q 285 = or 

Missed cycles = —— 83 = ~— 83 = 57. (Ans.) 
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(ii) Air consumption : 

Air consumption per minute 

= Air during working (firing) cycles + air during non-firing cycles 

= 0.0214 * ~ X 83 + 0.0214 x 57 = 2.787 m 3 /min 
Mass of this air is given by, 


m 


s PZ = 1-033 x 10 5 x 2.787 
RT 287 x 288 " “ tg/min. (Ans.) 


(lii) Gas consumption per minute : 

Gas consumption per minute = Gas used during firing cycles per minute 

Mass of this gas is also given l"™ 2 ™ * 83 = °- 209 m3 at 1033 bar and 15‘C 


m,. = 


pV_ 1.033 x 10 5 x 0.209 


RT 287~x288~~ = 02612 k 8 /min - (Ans.) 

210 mm afdUmntbore 140 mm and stroke 
is 42500 kJ/kg and its percentage composition bv mo f ^ 7 The calon ft c *><*lue of fuel 

combustible 0.3. The percentvZ^tnTcl^Ln 77 7 13 5 and ™n- 

CO = 0.1, Op = 11.2 and N = HI Pn M , • ompositlon °f dry exhaust gases is C0 0 = 70 

and moisture in air is 0.02 kg/kg of Jr*. If^kTild™ 777 mm Hg ’ room temperature 30°C 
efficiency of the engine are 38% and 80% respectively Teterm^"™ 1 e ^ Clency and mechanical 

7. T Tb Wl iT nC efflClenCy ° fthe en8lne t'tderratedZZL; 

W 1 he rated output of the engine ; 

(Hi) The brake specific fuel consumption. 

Snlution. Given: n = 6 ; D = 140 mm = 0.14 m ; L = 210 mm = 0.21 m • 

H - 2 w ; “ nSUmPti ° n = 31 kg/h0ur ! = 42500 kJ/kg ; C = 86 2% ■ 

: 112 1!^° 2 = h 0%: co -°- 1%; °*-/ ’ 

^!^ Ure ' D a i r ’ m “» ^OOSM^g/kgofajjf L y = ^ 0 + ^^ 3 = 303 ^; 

(i) The volumetric efficiency, p voL . ’ ^ m ' ch 


or 


or 


Fuel -air ratio, 


Now 


Now, 


£_033fC0 2 +C0 
A C [ N 2 


0.33 

0.862 


1 = 30:1 


7 + 0.1 
81.8 


= 0.03323 


£ 

A ' 

m n = 


31 1 

3600 X “ = 0 03323 


m r 

31 


p a . 

Pi 


3600 x 0.03323 
1 


1 + m^x 


29 

18 


= 0.259 kg/s 
1 

1 + 0.02 x — 
18 


= 0.967 


O =z-PL x Pa 
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= h^r * 101325 x 10 6 x — x 0.967 = 1.119 kg/m 3 
V'60 J 287x303 


^voL 


287x303' 

_ Mass of air taken in 

Mass equivalent to swept volume 

_ 0.259 _ 

6 x ~ x 0.14 2 x 0.21 x -* 6Q0 x 1.119 


= 0.895 or 89.5% (Ans.) 


\ 


4 2 x 60 

(ii) The rated output of the engine, B.P.: 

B.P. = (m f x C. V.) x (r\ ih(I> x 

= (0-259 x 0.03323) x 42500 x (0.38 x 0.8) = 111.2 kW (Ans.) 
(tii) The brake specific fuel consumption, b.s.f.c : 

rrif / hour 31 


b.s.f.c. = 


= 0.279 kg/kWh (Ans.) 


B. P. (kg) 111.2 

Example 9. A four-stroke, eight-cylinder engine of 9 cm bore and 8 cm stroke with a compres- 
sionratw 7 is tested at 4500 r.p. m. on a dynamometer which has 54 cm arm . During a 10 minutes test 
the dynamometer scale beam reading was 412.02 N and the engine consumed 4.4 kg of gasoline 
having a calorific value of44000 kJ/kg . Air at27*C and 1 bar was supplied to the carburettor at the 
rate of 6 kg!min. Calculate: 

, ( i) The brake power developed (ii) b.m.e.p.; 

(iii) b.s.f.c.; (ri;) Brake specific air consumption ; 

(i>) Brake thermal efficiency ; (ui) Volumetric efficiency ; 

(vii) Air-fuel ratio. (Madras University) 

Solution. Given : n = 8 ; D = 9 cm = 0.09 m ; L = 8 cm = 0.08 m ; r = 7 ; N = 4500 r.p.m. ; 
dynamometer arm length = 54 cm = 0.54 m ; dynamometer scale beam reading = 412.02 N ; gasoline 
consumed m 10 minutes = 4.4 kg ; C.V. = 44000 kJ/kg ; temp, and pressure of air supplied = 2TC 
1 bar ; mass of air supplied to the carburettor = 6 kg/min. 

(i) The brake power developed B.P. : 


B.P. 


(ii) b.m.e.p.: 


. 2kNT = 2 kx 4500 
‘ 60 x 1000 60 


f0.54x 412.02^ 

: l iooo J = 104,85 kW (Ans -> 


p p _ hPmb^ANk X 10 , , . 

- - - - -—- , where p mb is m bar 


104.85 = 


8 x Pmb x °-°8 x (n / 4) x 0.09 2 x 4500 x ± x 10 


(iii) b.s.f.c.: 


Pmb ~ bar (Ans.) 

, , (4.4/10) x 60 

• S,f C * = ~ 104,85 = °* 2518 k ^ /kWh (Ans.) 


- = 15.27 p m 


(iv) Brake specific air consumption : 

Brake specific air consumption 
6x60 

= = 3.4335 kg^Wh (Ans.) 
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(t>) Brake thermal efficiency, : 

B.P . 

th(B) m f xC.V~ 


104.85 


4.4 


: x44000 


= 0.3249 or 32.49% (Ans.) 


(10x60)' 

{vi) Volumetric efficiency, t] voL : 

Air consumption = 6 kg/min 
Now > pv = mRT 

mRT 6 x 287 x (27+ 273) 

V ~ p ~ | x jqS = 5.166 m 3 /min 

= n xi x D 2 x L x % 

4 2 

= 8 * f x (° °9> 2 x 0.08 x = 9 161 m 3 /min 


Displacement volume 


= 


Air consum ption 5.166 


( vii) Air-fuel ratio : 
Air-fuel ratio 


Displacement volume 9.161 
Brake specific a i r consumption 3.4335 


= 0.5639 or 56.39% (Ans.) 


= 13.636 (Ans.) 


p b.s.f.c. 0 2518 

cycle at 36M aUt ° m ° bile has *-**• S.L V-6 engine which operates on a four-stroke 

test -t is connect t 7^“ ^ ^ ”* bore = stroke). During a 

3600 r Dm Th °f a yn ™™” neter which gives a brake output torque reading of 205 Nm at 

3600 r.p.m. The air enters at 85 kPa and 60°C. The mechanical efficiency If engine lS IsL. CalcuTate: 
{ 1 ) Cylinder bore and stroke length; 

(ii) Clearance volume of one cylinder : 

0 Hi ) B.P. and I.P. ; 

{iv) Brake mean effective pressure. /atwttt? c _ , 

y e (AMIE, Summer- 2001 ) 

solution. Given : n = 6 ; Displacement = 3 litres = 3000 cm 3 ;r = 9 . 5 ;L=D ; 

T = 205 Nm ; N - 3600 r.p.m.; r) mecfu = 85%. 

(i) Cylinder bore and length (D, L): 


6 x ~-D 2 x L = 3000 
4 

6 x ~xD 2 xD~ 3000 
4 

(ii) Clearance volume of one cylinder, V : 

Swept volume per cylinder, V s = = 500 cm 3 


D = L = 8.6 cm (Ans.) 


•* ’V 

(iii) B.P. and I.P.: 


6 

_ Vt + K 
v c 

1 58.82 cm 3 


or 9.5 a 
(Ans.) 


500 + V c 500 


+ 1 


B. P.= 


I.P.= 


2tuVT _ 2n x 3600 x 205 


60x1000 
B. P. 77.28 


60 x 1000 


= 77.28 kW (Ans.) 


^1 mech . 0.85 


= 90.92 kW (Ans.) 
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(tu) Brake mean effective pressure, p mb : 

B p _ Wnb LANk X 10 


77.28 = 


6 x Pmb x ( 8 . 6 / 100 ) x x 3600 x | x 10 


8.992 p m 


Pmb " bar (Ans.) 

Example 11. A 9-cylinder, 4-stroke S.L engine of bore 144 mm and stroke 187.5 mm has a 
compression ratio of 6.8 and develops brake power of450 kW at 2000 r.p.m. The mixture supplied is 
20% rich. The fuel lower C.V. is 44000 kJfkg and it contains 86% carbon and 14%H 2 . Assuming the 
volumetric efficiency of 75% at 15°C and 1.013 bar and mechanical efficiency of 90%, determine 
indicated thermal efficiency of the engine. With what standard performance would you compare this 
efficiency ? 

Air contains 23% 0 2 by mass. (Roorkee University) 

Solution. Given : n — 9 ; k ~ ~ ; D = 144 mm = 0.144 m ; L = 187.5 mm = 0.1875 m; r = 6.8 ; 
B.P. = 450 kW ; N = 2000 r.p.m. ; C.V. = 44000 kJ/kg ; C\= 86 % ; H 2 = 14% ; = 75% at 15° C ; 

n m ecA = 90% 

Indicated thermal efficiency : 

Swept volume of the engine per minute, 


V = nx Vxlx 

4 Z 


= 9 x - x 0.144 2 x 0.1875 x 0.75 x ^522 = 20.6 m 3 
4 2 

Mass of this mixture at 15°C and 1.013 bar is given by 

pV 1.013 xl 0 5 x 20.6 , . ... 

m = - =-——— a 25.25 kg (air + fuel) per min. 

RT 287 x (15+ 273) K 

Mass of air per kg of fuel for chemically correct mixture 


100 

23 


— C + 8 H 
12 


100 

23 


39 

— x 0.86 + 8 x 0 . 
12 


1.14j = 


14.84 kg 


Therefore, a mixture of air and fuel contains 1.2 kg fuel and 14.84 kg air [= 16.04 kg of 
mixture (since mixture is 20 % rich)]. 

25.25 - 


/. Maximum mass of fuel supplied = 


16.04 


= 1.574 kg^min. 


Now, 


I.P. =-5^-= 41?-= 500 kW 




lUdb 0.90 
I.P. 


500 


rhf x C.V. 


1.574 

60 


s 0.433 or 43.3% (Ans.) 


x 44000 


The performance of the engine can be compared with air standard efficiency of engine-cycle, 


^air-standard ^ 


(rV 


= 1 - 


(6.8) 1 


: 0.535 or 53.5%. 


Example 12. A four-cylinder, four-stroke petrol engine of cylinder bore and stroke each equal 
to 77 mm has a compression ratio of 8.5:1. The relative efficiency is 50% when s.f.c. on I.P. is 0.28 kg / kWh. 
Determine: 


1 
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(0 The C.V. of the petrol in MJ/kg ; 

(“) The petrol consumption in kg/h. 

Given that the i.m.e.p. is 950 kPn 

k n the engine s P eed « 3000 r.p.m . Take y for air = 1 . 4 . 

(P.U.) 

S.w™. Okm, .77»,..0077» 1 ,.M..l 

,. XfwlB ^ = 3000 r.p.m.; 7 * 1.4 * 

W The C.V. of the petrol in MJ/kg: 

Air-standard efficiency of otto cycle, 

Hiir-aflondarrf ~ I ~ .y-l = 1 ^ 


^relative 
%(/) 


(8.5) 1 ' 4 - 1 = 0-575 

or %c/) * a§ * 0-575 = 0.2875 
3600 3600 


• • C.V_ 

’ ‘ ~ 0.28 x 0.2875 = 44720 kJ/k S or 44.72 MJ/kg (Ans.) 
W The petrol consumption in kg/h : 


(r)l '" 1 " 

^lair-standard 

= Lfi 

m f x C -5 l xC ^ = 0.28 x C.V. 
3600 


I.P. 


= n Prru LANk x 10 _ 4 X 9-5 X 0.077 x 1 (0.077) 2 x 3000 x ^ x 10 

c ~ -—z___ 9 


= 34.06 kW 


g ___ 

_• Petrol consumption = 0.28 x 34.06 = 9.537 kg/h. (Ans.) 

stroke, th^t % 150 mm diameter, 200 mm 

the engine was at the rate of 0.16 kg! min withcaJ/if° i at2200 r P m - The fuel supply to 

and the engine was rotated with motor which needed 4 kwfl' 5 V ^ The su PPb was stopped 
alcu.ate B.P., ,p„ mechanical ^ the^ M 

«■ “r -o i?r -«-. <- 

power = 4 kW. P- * m f ~ 01(5 kg/mm ; C = 43.5 MJ/kg ; motoring 


Brake power, 
Indicated power, 


B p = WT — S)nDN_ ~ 294.3 x n x (0.45 x 2) x 2200 


60 x 1000 


60 x 1000 

= 30.51 kW (Ans.) 

I.P. -J5.P. + motoring power 

= 30.51 + 4 = 34.51 kW (Ans.) 
n = _ 30.51 

meoh ' I.P. 34.5 = °' 884 or 88.4%. (Ans.) 




B.P, 

rhfXC 


( 0.16 
l 60 , 


30.51 


'x (43.5 x 10 3 ) 


= 0.263 or 26.3% (Ans.) 
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BP -=Pmi xZ ' xAx 


N 


2x60 

30.51 = p. x 0.2 x 7 x 0.15 2 x ^5- 
mb 4 2 x 60 

P m b = 470.87 kN/m 2 or 4.7087 bar (Ans.) 

= 5.326 bar (Ans.) 


p _ Pmb _ 4.7087 
mi “ “ ~ 0.884 


^\mech 

Example 14. A four-stroke, four-cylinder SI engine, 82 mm bore x 730 mm stroke, develops 
28 kW of brake power at 1500 rpm with twenty per cent rich mixture . The volume of air sucked into 
the cylinder when measured at 20°C and 760 mm ofHg is 80 per cent of swept volume. The heating 
value of fuel is 42 MJ/kg and the theoretical air-fuel ratio is 14.8 . If the mechanical efficiency of the 
engine is 85 per cent, find 

(i) The indicated thermal efficiency , and 

Hi) The brake mean effective pressure . (A.M.I.E., W-1997) 

Solution. Given: D = 82 mm = 0.082 m;L= 132 mm-0.132 m \B . P. = 28 kW ;N = 1500 r.p.m.; 
T = 20 + 273 = 293 K \p = 760 mm Hg, V = 0.8 V ; C = 42 MJ/kg, theoretical A/F ratio = 14.8, r> 

= 85 per cent. me '" 1 

(*) The indicated thermal elficiency r) th (I) 

Indicated power, I. P. = ^ = -??- - 32.94 kW 

* 1 meek . 6.85 


Swept volume V = x (0.082) 2 x 0.132 = 6.971 x 10 - 4 m 3 /stroke 

5 4 

= 6.971 x 10 " 4 x x 4 m 3 /min = 2.0913 m 3 /min 
2 

Volume of air admitted at 293 K and 760 mm Hg (1.013 bar) 

= 0.8 x 2.0913 = 1.673 m 3 /min 


and its mass is 


1.013 x 10 5 x 1.673 
287 x 293 

2.015 


Fuel consumption, riif - 




14.8 x 60 
I.P. 
rhf xC 


= 2.015 kg/min ^ v 

= 2.269 x 10 - 3 kg/s 

_ 32.94 

2.269 x 1CT 3 x (42 x 10 3 ) 


.pV) 

RTJ 


= 0.3456 or 34.56% (Ans.) 


{H) The brake mean effective pressure, b.m.e.p.: 


Brake power (B.P.) = ( p mb x L x A) x 


r.p.m. 


2x60 


x no. of cylinders 


28 = p mb x 0.132 x | x (0.082) 2 x x 4 = 0.03485 p„ 


Pmb ' 


28 


= 803.44 kN/m 2 or 8.0344 bar (Ans.) 


0.03485 

Example 15. A? maximum power, a 6 -cylinder engine of 112.5 mm bore and 125 mm stroke, 
when running at 2800 r.p.m . against a torque of550 Nm consumed 658 kg of air per hour. Assuming 
air-fuel ratio by volume 40:1, calculate the volumetric efficiency of the engine on S.T.P. basis. Take 
the volume of fuel into account in calculations. Take heat value of air = 2.990 kJ/kg. 
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The best consumption on a weak mixture was 40,8 kg/h of a fuel whose heat value was 
44400 kj/kg when running at the same speed against a torque of467.5 Nm. Also calculate the amount 
of fuel wasted in the case. (M.U.) 

Solution. Given : n = 6;D - 112.5 mm = 0.1125 m ; L = 125 mm = 0.125 m ; N = 2800 r.p.m.; 
T = 550 Nm ; m a = 6 kg/h ; A/F ratio = 40 : 1 ; C.V. of air = 2990 kJ/kg. 

The volume efficiency of the engine at S.T.P. basis : 

V a (volume of air used at S.T.PTmin.) 

(658/60) x 287x273 


mRT 

P 

41. 


1.013xl0 5 


= 8.482 m 3 /min 


V mix ( Volume of mixture) = ~ x 8.482 = 8.694 m 3 /min, as A IF ratio = 40 : 1 

40 


N 


V s (swept volume) = n x LfiL x 


^ 6 x — x (0.1125) 2 x 0.125 x 
4 


2800 

2 


10.44 m 3 /min. 


^vol. s 


_ mix 

V, 


8.694 

10.44 


0.8327 or 83.27% (Ans.) 


Loss of fuel: 
B.P. (output) = 


2nNT 
60 x 1000 


2 n x 2800 x 55 0 
60x1000 


Input = m a x C.V. of air = x 2990 


= 161.27 kW = 9676 kJ/min 
658 . 


Combustion chamber efficiency, = 


Output 


32790 kJ/min 
9676 


467 5 

Output of weak mixture =-— x 9676 : 

550 


Input 32790 
8224.6 kJ/min 


0.295 or 29.5% 


The required input = 


Output 


*lcom6 

_ 224.6 
~ 0.295 

Amount of fuel required per minute 
27880 

= 0.628 kg/min. 

Hence loss of fuel 


= 27880 kJ/min (as q comt is constant) 


44400 

= 40.8-0.628 x 60 = 3.12 kg/h. (Ans.) 

Example 16. A 4-stroke, 6-cylinder diesel engine of bore 80 mm and stroke 100 mm has rated 
speed 2500 r,p,m. It is to be operated at an altitude of4000 m where ambient pressure and tempera¬ 
ture are expected to be 0.7 barand — 5°C respectively. Estimate the probable loss of power as a percent - 
a S e - If ci supercharger of pressure ratio 2 is to be used as a corrective measure, determine the power 
required to operate the supercharger which has an adiabatic efficiency of 75%. Assume the following 
data: \ 

c p = 1 hJ/kg K; ambient condition at sea level is 1 bar and 20°C. State any 
assumption made . (M.U. May 2000) 

Solution. Given :£ = -|;n=6;2) = 80mm = 0.08 m ; L = 100 mm = 0.1 m ; N = 250.0 r.p.m.; 

pressure ratio of the supercharger = 2 : q^ = 75% ; q oo , = 80% ; c p = 1 kJ/kgK. 

Loss of power as a percentage : 

•v Let the suffices 1 and 2 correspond to atmospheric condition and condition at an altitude of 
4000 m respectively. 
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Pi 


_ Pi _ 


1x10 s 


RT X 287 x (20 + 273) 
0.7 xlO 5 


o -ft- 

Ps “-- 


= 1.19 kg/m 3 
= 0.91 kg/m 3 


RT 2 287 x(- 5+ 273) 

The mass consumed by the engine is proportional to the density as the volume consumed per 
unit time is same assuming q vol , is also same under both atmospheric conditions. 

^ = Pl = Ml = 0 .765 

p! 119 

The power developed by the engine is proportional to the air mass consumed by the engine 
Loss of power * — 1 —— = 1 - — el- 0.765 = 0.235 or 23.5% (Ans.) 

m-i nii 

The power required to run the supercharger : 

The stroke volume of the 6 -cylinder engine consumed per second, 

V =n X ^xD 2 Lx-A L- 

s 4 2 x 60 

= 6 * \ * 0 082 x 0 -l* = 0.06283 m 3 /s 

Vactual (actual volume of air consumed) = V, x = 0.06283 x 0.8 = 0.0503 m 3 /s 

When the supercharger is used, the pressure of air supplied to the engine isp 3 . 

Pz _ o 


P2 

p 3 = 2 x 0.7 = 1.4 bar 
T 0 = - 5 + 273 = 268 K 


\ id i4~i 

a.fnV .(2)ir 


T, 


...(Given) 

...(Given) 
= 122 


T z = 268 x 1.22 = 327 K 
The adiabatic efficiency is given by, 7 


^lacfio. 


A S =0.75 
T s '-T 2 



T; = IkzA + t 2 = 327 - 268 


+ 268 = 346.7 K 


0.75 * 0.75 

The mass of air consumed, when its temperature and pressure are 268 K and 0.7 bar respec¬ 
tively, is given by 


= 0.7 xl0 5 x 0,0503 

m actual RT 287 x 2 68 

Power required to run the supercharger 


= 0.046 kg/s 


= m actual XC p^ 3 '-T 2 ) 

= 0.046 x 1 (346.7 - 268) = 3.62 kW (Ans.) 
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ing the following data, find thelZlatZeZ^tZtnlPbasZ “IdA T™' had ' Assum ' 

Volumetric efficiency . 87% ^''““ d • 

Mechanical efficiency . 73.5% 

Clearance volume . 2 100 cm 3 

Swept volume ...... 9000 cm 3 

Fuel consumption . 5 m 3 fh 

Calorific value of fuel . 18000 kJfm 3 

All working cycles are effective. 

, (P.U) 

Solution. Given : k - — ; B.P. = 3,5 kW • at _ 1 ™ 

2100 cm 3 ; V = 9000 cm 3 ; gas used = 5m 3 /h ; C = 18000 J£T ’ ^ ^ ‘ W = ^ ^ = 

Relative efficiency, T } nl ; 

Compression ratio, r - —* + ^ = 9000 + 2100 

v c 2100 ~ 5 * 286 

^«^=i-^ = i-^-i I ^ =04862 or 4862% 

TP— _ 3*5 

T)mech.~0 .735 = 4 - 762kW 

n = - IP> 4.762 

' xc ° r “* 

n ... = ^M/) 0.19 

I V " ’lai r ., tow * w = 0.4862 = 0 39 or 39% <Ans.) 

A / F ratio : 

Volume of mixture taken in per stroke 

v_i , = Swept vtJume * »!.», x = 9000 x 0.87 = 7830 cm 3 

Volume of gas per working stroke 

5 l 5 j 

~ 60 * (N/Z) = 60 X (I^> x 106 c >» 3 = 1041.7 cm 3 
Volume of air = 7830 - 1041.7 = 6788.3 cm 3 

" A/Frati0 ^ volume = |I|§|, 6 .5:1 by volume. (Ans.) 
displacement* 0 M 6 ^taftr^edto'd^w^fro^fT 440 rpm ‘ with cyllnder 

pulsations being sufficiently damped by this procedure Th “ Cal f ratedorl f lce >« <*» air box, the 
temperature, r = 17 + 273 = 290 K, diameter rforificewEfc] IfeT *' * 
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Volumetric efficiency, p voL ; 

The flow of air through orifice = C d x A 0 x velocity 


93 


~-C d xA 


L « x l 2 s x K * ~ 

V Pa 

» 0.62 x J X (0.025) 2 x fa x 9.81 x 0.125 x — 
4 V l. 


wjhere, p a 


Swept volume per sec. 


0.01381 m 3 /s 
P a (0.736 x 1.336) x 10 s 


RT a 287 x (17 + 273) ~~ 181 kg/m 3 (ImHg - 1.336 bar 


ml. 


n 440 

- 0.006 x 2 x 60 = 0 022 m 3 /s 

_ Volume of air at inlet condi tion 
Swept volume 

0.01387 


0.022 


= 0.63.04 or 63.04% (Ans.) 


a 5 cm dZZFetZ a irflowto a four-cylinder, four-stroke oil engine is measured by means of 
a <ttcfutretctd&i^Bore ln f() 0e ^ Cl ? n \> °^ d l' sc ^ ar ^ e °f®- 6- During a test on the engine the following 
cZZZZTct '/I , 10 I m ; Str0ke = 12 cm ’ s P eed = I20( > rpm ; brake torque = 120 Nm • fuel 

Zater aZbienttemn ■ < f 0rtfic . Value *** = 42 MJ/kg;pressure drop across orifice is 4.6 cm of 
water, ambient temperature and pressure are 17°C and 1 bar respectively. 

Calculate: (i) The thermal efficiency on brake power basis ; 

Hi) The brake mean effective pressure ; 

(«0 77i e volumetric efficiency based on free-air condition. (A.M.I.E., Summer-1999) 

©olution. Gwen ' n = 4 ; d = 5 cm = 0 Ofl m - ^ - n c • n in n . r 

r=\ 2 7“’27^ = ^T= 1 te = r. 120N ’ m ' 1 "V =5 ’ kg ^ C = 42 MJ/kg^Ap =4.6 m cm of water”! 
(0 Brake thermal efficiency, p th(B) : 


B.P. 


T lth(B) ; 


2ttNT 2tc x 1200 x 120 

kW =-- = 15.08 kW 


' 60 x 1000 
B.P. 


60x1000 
15.08 


'rhfXC (5/3600) x 42 x 10 

(ii) The brake mean effective pressure, b.m.e.p.: 

B.P. = « x | r ? mb j kW, where p mh is in bar. 


jS* =0.2585 or 25.85% (Ans.) 


^ k. = ~ for four - stroke engine j 

4 x 10 x Pmb x 0.12 x ~ x 0.1 2 x 1200 x f -1 
.5.08 =___ \2j 


Pmb = 40 bar (Ans.) 
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(iii) The volumetric efficiency, t| vol : 


Now, 


But 


V s = „k£xZ> 2 xLx~12M 

* 4 60 x 2 

= 4 x j x 0.1 2 x 0.12 x = 0.0377 m 3 /s 


P*K = Pu, h w 


. PwK, _ 1000 x (4.6/100) _ 46 
Pa ~ Pa 

= 1.2 kg/m 3 


• Pa 


lxlO 5 


RT a 287x290 
46 

h a - — = 38.333 m of air 
Volume rate of air at free-air conditions. 



= 0.6 x ^ x (0.05) 2 x ^2x9.81x38.333 = 0.0323 m 3 /s 
^actual 0.0323 

'W - y ~ q 0377 ” 0-^567 or 85.67% (Ans.) 

Example 20 .Air consumption for four-stroke petrol engine is measured by means of a circular 
orifice of diameter 35 mm. The coefficient of discharge for the orifice is 0.6 and the differential pres¬ 
sure across the orifice is 140 mm of water. The ambient conditions are 21°C and 76 cm of Hg. The 
piston displacement volume is 1800 cm 3 . The engine develops 28 kW of brake power at 2500 r.p.m 
and consumes 7.8 kg/h of fuel having C. V. of44000 kJ/kg. Determine : 

(i) The volumetric efficiency on the basis of air alone; 

( ii ) The air-fuel ratio; 

(iii) Brake mean effective pressure ; 

(tu) Brake thermal efficiency 

Take for air R = 287J/kgK (Madras University) 

Solution. Given : k = - ; d 0 = 35 mm = 0.035 m ; C d = 0.6 ; h u = 140 mm of water; T a = 21 + 


273 - 294 K ; p a = 76 cm of Hg = 9.81x (13.6 x 1000) x 10 - 6 bar = 1.014 bar ; V s = 1800 cm 3 ; 

B.p. = 28 kW ; N = 2500 r.p.m., m f = 7.8 kg/h ; C = 44000 kJ/kg ; R a = 287 J/kgK 
(i) The volumetric efficiency, r| vol : 

P w h i0 = p a h a 


1000 x 

. < 

^OOO x 


140 . 


Pa 


iooo jy; 




140 _ 1014 x 10 s 
1000 287x294 


X h a 


Air consumption 


^■U6.5 m of air 

of orifice x velocity 





Visit: www.Civildatas.com 


QUESTIONS BANK (WITH ANSWERS) 


95 


= 0.6 x - x (0.035) 2 x J2x 9.81x116.5 = 0.0276 m 3 /s 
4 


Displacement volume per second = x — —— = 0.0375 m 3 /s 

10 ® 2x60 


Ovol 


Air consumption _ 0.0276 
Displacement volume 0.0375 


: 0.736 or 73.6% (Ans.) 


(ii) The air-fuel ratio : 


m a = p a x (0.0276 x 3600) - x (0.0276 x 3600) 


1.014 x 10 5 
287 x 294 


x (0.0276 x 3600) = 119.4 kg/h 


m 119 4 

Air-fuel ratio = —^ ■ = 15.3 (Ans.) 

7.8 

(iii) Brake mean effective pressure, p mb : 


B.P. 


Pmb LANk X 10 


28 = ■ 


p mb x (1800 x 10 " 6 ) x 2500 x - x 10 


6 


Pmb = 7 * 47 bar (Ans.) 

(iv ) Brake thermal efficiency, t| th(B) : 

B.P. 28 


0th(B) 1 


(£)« 


= 3.75 p m6 
(v LA = 1800 x 10 ~ 6 m 3 ...Given) 


= 0.2937 or 29.37% (Ans.) 


44000 


Example 21. A four-stroke petrol engine has six cylinders of 7.5 cm bore and 9 cm stroke. The 
engine is coupled to a brake which has a torque arm radius of 38 cm. At 3300 rev /min, with all 
cylinders operating the net brake load is 323 N. When each cylinder in turn rendered inoperative, the 
average net brake load produced at the same speed by the remaining five cylinders is 245 N. Estimate 
imep of the engine . (A.M.I.E.) 

Solution. Given : n - 6, D - 7.5 cm - 0.075 m ; L = 9 cm = 0.09 m ; R = 38 cm = 0.38 m ; 
N = 3300 r.p.m. ; net brake load with all cylinders working = 323 N ; average net brake load pro¬ 
duced when each cylinder in turn rendered inoperative = 245 N. 

Indicated mean effective pressure, p mi : 

Indicated power, IJP. = 6 x ( ~ | 0 ~ Q q 45 ] * 2nR (|Q kJ/s(kW) 

= 6 X T! 4 -)x 2 n x 0.38 x = 61.46 kW 

l, 1000 ) 60 

Also, 

10 x 6 x p mi x 0.09 x - x 0.075 2 x 3300 x - 


lOn p mi LANk 

I.P. =--- , where p mi is in bar 


61.46 = - 
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engine are 80mmand 'imZmreipiTttly. ^ndthemean four-stroke diesel 

Tine if lts rating is 4 kW at 1500 r.p m effective pressure and torque developed by 

Solution. Given : D = 80 mm = 0.08 m : 7 , = i i --- 


fho " an aiwmm respectively.} 

engine if its rating is 4 kW at 1500 r.p.m. ->*«*/* u«u wrque developed h 

Solution. Given: D = 80mm = 008m •/- ha „ (M.U.“ 

Mean effective pressure, p m : ’ 1° mm - 0.1 m ; IP. = 4 kW; JV= 1500 r.p.m. 

I ' P - = -Pm x (f x-4)xM 

4 x 1000 =p m x 0.11 x 1 r 0.O8 2 Xfi5£0 x I) 

^ l 60 2 J 

Torque developed, T d( , v = ^ ° r *’ 78 bar <Ans.) 


Also, 


or 

or 


I.P. = 


4 x 1000 = 


2KNT d 


cfeu. 


60x1000 

2 n X 15 00 x T deu 


60 

pi ^dev . ~ 25.46 N-m (Ans.) 

yStlitSCX "mrlT* VOl T e 0f5HtreS has a volumetric efft- 
choke diameter of 35 mm. Considering single ,ieTcIrh T™ “/“* WUh a ^burettor which haia 

rJ.it *■ “ “* **■ ™ r JZiJizsJ:TrJrzz°i 

„ . fr°2 Uti ° n - Given ; Swe Pt volume = 5 litres - 5 x in -3 3 (B U '’ Sumi "er-1998) 

= 300 K;C i = 0.85 ' ’’ 2 “ 35 mm = 0 035 m i = 1 bar, 

The velocity at the throat, C t (= C ): 

The actual volume taken in by the engine per second 


~ (5 x 10 - 3 x 0.75) x -5222, 

2x60 


0.09375 = j/) 2 2 xC 2 


or 


Also, 

The pressure at the throat, p": 


= 0.09375 m 3 /s 

71 o 

^ x C 2 
0.09375 x 4 


C 9 =-- 

2 rc x (0.035) 


Fig. 9 


k 2 -97.44 m/s. (Ans.) 
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0 ' 


0.9782 = 



1 

Pi = (0.9782) 0 286 = (0.9782) 3 ^ = 0.926 bar (Ans.) 

Example 24. A gas engine 250 mm.bore and 500 mm stroke is designed to run at 250 r p m 
and governed by but and miss governing. With fixed positions of gas cock and ignition; the indicator 
diagrams gave the following values of m.e.p.s.: \ 

Firing cycle (positive loop) = 5 bar; pumping loop = 0.2 bar; non-firing cycle - 0.5 bar. 

When the engine is developing 15 kW brake power, the explosions per minute were 110 and gas 
consumption was 0.1 m 3 / min . Determine the following: 

( i ) The pumping power of firing and non-firing cycles : 

(ii) True F.P. and mechanical efficiency of the engine ; 

(m) Explosions per minute at no load and gas consumption . (M.U.) 

Solution. Given: D = 250 mm = 0.25 m ;L = 500 mm = 0.5 m; N = 250 r.p.m.; m.e.p.s.: firing 
cycle = 5 bar ; pumping loop = 0.2 bar ; non-firing cycle = 0.5 bar ; B.P. = 15 kW ; explosions per 
min. = 110 ; gas consumption = 0.1 m 3 /min. 


(0 The pumping power of firing and non-firing cycles : 
Firing cycle: 


I P. (of positive loop) = 


p mi LANk x 10 
6 


5x0.5x^x0.25 2 x 110x10 

_4__ 

6 


[where p mi is in bar and Nk = 110] = 22.5 kW (Ans.) 


0.2 x 0.5 x x 0.25 2 x 110 x 10 

I.P. (of pumping loop) =-_-- = 0.9 kW (Ans.) 

b 

Non-firing cycle: 

¥ „ 0.5x0.5x-£ x0.25 2 (^0-llo)xl0 

I. P. (of non-firing cycle) =-1_L_2_ l _- 0 306 kW 

6 

^Since non-firing cycle = - 110 = 15 j 

Net I.P. developed by the engine 

= 22.5 - 0.9 - 0.306 = 21.294 kW 

(“> TrUe FP * and Tlmech. : 

True F.P. = I. P. - B.P. = 21.294 - 15 = 6.294 kW (Ans.) 

B.P. 15 

^meckr “j p - ^ 294 ~ 6.7044 or 70.44% (Ans.) 

(mXJExpIosion per minute at no load and gas consumption : 

At no load, the power developed by the engine must be equal to overcome the friction power. 
Assuming N 0 are the explosions per minute under no-load conditions, then we can write 
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0.2 x 0.5 x — x 0.25 2 x iV 0 x 10 
_4_ 

6 

OS x 0.5 x 10.25 2 x - W 0 j x 10 

6 

[It may be noted that engine always runs at 250 r.p.m. whether engine is fully loaded or at no 
load as the function of governor is to maintain constant speed of the engine irrespective of the load 
on engine.] 


6.294 = 


5 x 0.5 x ^ (0.25) 2 N 0 x 10 

4 


or 

or 


- x 0.25 2 x 10 

6.294 = A --- [5 x 0.5 N 0 - 0.2 x 0.5 N 0 - 0.5 x 0.5 (125 - NJ) 

6.294 = 0.0818 (2.5 N 0 - 0.1 N 0 - 31.25 + 0.25 N Q ) 


76.944 = (2.65 N 0 — 31.25) 
„ 76.944 + 31.25 


2.65 


= 40.8 say 41 explosions per min. (Ans.) 
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APPENDIX-I 

GAS TABLES FOR AIR (SI UNITS) 


TOO 

h(kj/kg> 

Pr 

ufkJIkg) 


tfkJ/kgK) 

200 

199.97 

0.3363 

142.56 

1707 

1.29559 

210 

209.97 

0.3987 

149.69 

1512 

1.34444 

220 

219.97 

0.4690 

156.82 

1346 

1.39105 

230 

230.02 

0.5477 

164.00 

1205 

1.43557 

240 

240.02 

0.6355 

171.13 

1084 

1.47824 

250 

250.05 

0.7329 

178.28 

979 

1.51917 

260 

260.09 

0.8405 

185.45 

887.8 

1.55848 

270 

270.11 

0.9590 

192.60 

808.0 

1.59634 

280 

280.13 

1.0889 

199.75 

738.0 

1.63279 

285 

285.14 

, 1.1584 

203.33 

706.1 

1.65055 

290 

290.16 

1.2311 

206.91 

676.1 

1.66802 

295 

295.17 

1.3068 

210.49 

647.9 

1.68515 

300 

300.19 

1.3860 

214.07 

621.2 

1.70203 

305 

305.22 

1.4686 

217.67 

596.0 

1.71865 

310 

310.24 

1.5546 

221.25 

572.3 

1.73498 

315 

315.27 

1.6442 

224.85 

549.8 

1.75106 

320 

320.29 

1.7375 

228.42 

528.5 

1.76690 

325 

325.31 

1.8345 

232.02 

508.4 

1.78249 

330 

330.34 

1.9352 

235.61 

489.4 1 

1.79783 

340 

340.42 

2.149 

242.82 

454.1 

1.82790 

350 

350.49 

2.379 

250.02 

422.2 

1.85708 

360 

360.58 

2.626 

257.24 

393.4 

1.88543 

370 

370.67 

2.892 

264.46 

367.2 

1.91313 

380 

380.77 

3.176 

271.69 

343.4 

1.94001 

390 

290.88 

3.481 

278.93 

321.5 

1.96633 

400 

400.98 

3.806 

286.16 

301.6 

1.99194 

410 

411.12 

4.153 

293.43 

283.3 

2.01699 

420 

421.26 

4.522 

300.69 

266.6 

2.04142 

430 

431.43 

4.915 

307.99 

251.1 

2.06533 

440 

441.61 

5.332 

315.20 

236.8 

2.08870 

450 

451.80 

5.775 

322.62 

223.6 

2.11161 

460 

462.02 

6.245 

329.97 

211.4 

2.13407 

470 

472.24 

6.742 

337.32 

200.1 

2. i 5604 

480 

482.49 

7.268 

344.70 

189.5 

2.17760 

490 

492.74 

7.824 

352.08 

179.7 

2.19876 

500 

503.02 

8.411 

359.48 

170.6 

2.21952 
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INTERNAL COMBUSTION ENGINES 


' T(K) 

v; h(kJikg) 

Pr 

u(kJ/kg) 


I mjikgK) 

510 

513.32 

9.031 

366.92 

162.1 

2.23993 

520 

523.63 

9.684 

374.36 

154.1 

2.25997 

530 

533.98 

10.37 

381.84 

146.7 

2.27967 

540 

544.35 

11.10 

389.34 

139.7 

2.29906 

550 

554.74 

11.86 

396.86 

133.1 

2.31809 

560 

565.17 

12.66 

404.42 

127.0 

2.33685 

570 

575.59 

13.50 

411.97 

121.2 

2.35531 

580 

586.04 

14.38 

419.55 

115.7 

2.37348 

590 

596.52 

15.31 

427.15 

110.6 

2.39140 

600 

i 

607.02 

16.28 

434.78 

105.8 

2.40902 

610 

617.53 

17.30 

442.42 

101.2 

2.42644 

620 

628.07 

18.36 

450.09 

96.92 

2.44356 

630 

628.63 

19.84 

457.78 

92.84 

2.46048 

640 

649.22 

20.64 

465.50 

88.99 

2.47716 

650 

659.84 

21.86 

473.25 

85.34 

2.49364 

660 

670.47 

23.13 

481.01 

81.89 

2.50985 

670 

681.14 

24.46 

488.81 

78.61 

2.52589 

680 

691.82 

25.85 

496.62 

75.50 

2.54175 

690 

702.52 

27.29 

504.45 

72.56 

2.55731 

700 

713.27 

28.80 

512.33 

69.76 

2.57277 

710 

724.04 

30.38 

520.23 

67.07 

2.58810 

720 

734.82 

32.02 

528.14 

64.53 

2.60319 

730 

745.62 

33.72 

536.07 

62.13 

2.61803 

740 

756.44 

35.50 

544.02 

59.82 

2.63280 

750 

767.29 

37.35 

551.99 

57.63 

2.64737 

760 

778.18 

39.27 

560.01 

55.54 

2.66176 

780 

800.03 

43.35 

576.12 

51.64 

2.69013 

800 

821.95 

47.75 

572.30 

48.08 | 

2.71787 

820 

843.98 

52.59 

608.59 

44.84 

2.74504 

840 

866.08 

57.60 

624.95 

41.85 

2.77170 

560 

888.27 

63.09 

641.40 

39.12 

2.79783 

880 

910.58 

68.98 

657.95 

36.61 

2.82344 

900 

932.93 

75.29 

674.58 

34.31 

2.84856 

920 

955.38 

82.05 

691.28 

32.18 

2.87324 

940 

977.92 

89.28 

708.08 

30.22 

2.89748 

960 

1000.55 

97.00 

725.02 

28.40 

2.92128 

980 

1023.25 

105.2 

741.98 

26.73 

2.94468 

1000 

1046.04 

114.0 

758.94 

25.17 1 

2.96770 
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APPENDIX ^ 3 


TOO 

h(kJlkg) 

Pr 

u(kJlkg) 


tykJlkg K) 

1020 

1068.89 

123.4 

776.1(3 

23.72 

2.99034 

1040 

1091.85 

133.3 

793.36 

22.39 

3.01260 

1060 

1114.86 

143.9 

810.62 

21,14 

3.03449 

1080 

1137.89 

155.2 

827.88 

19.98 

3.05608 

1100 

1161.07 

167.1 

845.33 

lfc.896 

3.07732 

1120 

; 1184.28 

179.7 1 

862.79 

17.886 

3.09825 

1140 

1207.57 

193.1 

880.35 

16.946 

3.11883 

1160 

1230.92 

207.2 

897.91 

16.064 

3.13916 

1180 

1254.34 

222.2 

915.57 

15.241 

3.15916 

1200 

1277.79 

238.0 

933.33 

14.470 

3.17888 

1220 

1301.31 

254.7 

951.09 

13.747 

3.19334 

1240 

1324.93 

272.3 

968.95 

13.069 

3.21751 

1260 

1348.55 

290.8 

986.90 

12.435 

3.23638 

1280 

1372.24 

310.4 

1004.76 

11.835 

3.25510 

1300 

1395.97 

330.9 

1022.82 

11.275 

3.27345 

1320 

1419.76 

352.5 

1040.88 

10.747 

3.29160 

1340 

1443.60 

375.3 

1058.94 

10.247 

3.30959 

1360 

1467.49 

399.1 

1077.10 

9.780 

3.32724 

1380 

1491.44 

424.2 

1095.28 

9.337 

3.34474 

1400 

1515.42 

450.5 

1113.52 

8.919 

3.36200 

1420 

1539.44 

478.0 

1131.77 

8.526 

3.37901 

1440 

1563.51 

506.9 

1150.13 

8.153 

3.39586 

1460 

1587.63 

537.1 

1168.49 

7.801 

3.41247 

1480 

1611.79 

568.8 

1186.95 

7.468 

3.42892 

1500 

1635.97 

601.9 

1205.41 

7.152 

3.44516 

1520 

1660.23 

636.5 

1223.87 

6.854 

3.46320 

1540 

1684.51 

672.8 

1242.43 

6.569 

3.47712 

1560 

1708.83 

710.5 

1260.99 

6.301 

3.49276 

1580 

1733.17 

750.0 

1279.65 

6.046 

3.50829 

1600 

1757.57 

791.2 

1298.30 

5.804 

3.52364 

1620 

1782.00 

834.1 

1316.96 

5.574 

3.53879 

1640 

1806.46 

878.9 

1335.72 

5.355 

3.55381 

1660 

1830.96 

925.6 

1354.48 

5.147 

3.56867 

1680 

1855.50 

974.2 

1373.24 

4.949 

3.58335 

1700 

1880.1 

1025 

1392.7 

4.761 

3.5979 

1750 

1941.6 

1161 

1439.8 

4.328 

3.6336 

1800 

2003.3 

1310 

1487.2 

3.944 

3.6684 

1850 

2065.3 

1475 

1534.9 

3.601 

3.7023 

1900 

2127.4 

1655 

1682.6 

3.295 

^.7354 
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INTERNAL COMBUSTION ENGINES 


TOO 

1950 

2000 

2050 

2100 

2150 

h(kJ/kg) 

2189.7 

2252.1 

2314.6 

2377.4 

2440.3 

Pr 

1852 

2068 

2303 

2559 

2837 

u(kj/kg) 

1630.6 

1678.7 

1726.8 

1775.3 

1823.8 

3.022 

2.776 

2.555 

2.356 

2.175 

tfkJ/kgK) 

3.7677 

3.7994 

3.8303 

3.8605 

3.8901 

2200 

2250 

2300 

2350 

2503.2 

2566.4 

2629.68 

2692.11 

3138 

3464 

3817 
[ 4197 

1872.4 

1921.3 

1994.25 

2018.58 

2.012 

1.864 

1.729 

1.607 

3.9191 

3.9474 

4.78856 

4.81586 

2400 

2450 

2500 

2550 

2600 

2650 

2756.54 

2820.18 

2886.61 

2947.76 

3011.69 

3075.74 

4607 

5048 

5520 

6030 

6575 

7159 

2088.71 

2117.05 

2166.42 

2215.90 

2265.51 
| 2315.97 

1.495 

1.393 

1.300 

1.214 

1.135 

1.0623 

4.84257 

4.86883 

4.89458 

4.91986 

4.94465 

4.96906 

2700 

2750 

2800 

2850 

2900 

3131.47 

3204.07 

3268.38 

3335.33 

3397,29 

7782 1 

8448 

9159 

9916 

10722 

2364.99 

2414.96 

2462.50 

2514.84 

2565.00 

0.9957 

0.9342 

0.8104 

0.8248 

0.7762 

4.99472 

5.01662 

5.03981 

5.06263 

5.08503 

2950 

3000 

3050 

3100 

3150 

3461.99 

3526.54 

3591.31 

3656,78 

3720.97 

11579 

12490 

13458 

14483 

15569 

2615.24 

2665.57 

2715.89 

2766.38 

2811.31 

0.7312 

0.6893 

0.6404 

0.6143 

0.5806 

5.10710 

5.12866 

5.15022 

5.17132 

5.92050 

3200 

3250 

3300 

3350 
_ 3400 

3785.95 

3850.93 

3916.08 

3981.27 

4046.50 

16720 

17939 

19224 

20582 

22016 

2867.54 

2918.24 

2964.30 

3019.91 

3070.72 

0.5493 

0.5120 

0.4926 

0.4671 

0.4432 

5.21248 

5.232704 

5.22592 

5.27218 

5 29165 

3450 

3500 

4111.98 

4177.21 

23295 

25123 

3121.57 

3172.71 

0.4250 

0.3998 

5.31058 

5.32942 
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APPEND IX-II 

GAS CONSTANTS AND SPECIFIC HEATS AT LOW PRESSURES AND 25°C 




c p 

<v 


R 

Gas 

M 

(kJ/kg-K) 

(kJ/kg-K) 

7 

(kJfkg-K) 

Acetylene (C 2 H 2 ) 

26.036 

1.6947 

1.3753 

1.232 

0.3195 

Air 

28.97 

1.0047 

0.7176 

1.4 

0.287 

Ammonia (NH 3 ) 

17.032 

2.089 

1.5992 

1.304 

0.4882 

Argon (A) 

39.95 

0.5208 

0.3127 

1.666 

0.2081 

Carbon dioxide (C0 2 ) 

44.01 

0.844 

0.6552 

1.288 

0.1889 

Corbon monoxide (CO) 

28.01 

1.0412 

0.7444 

1.399 

0.2968 

Chlorine (Cl 2 ) 

70.914 

0.4789 

0.3617 

1.324 

0.1172 

Ethane (C 2 H 6 ) 

30.068 

1.7525 

1.4761 

1.187 

0.2765 

Ethylene (C 2 H 4 ) 

28.052 

1.5297 

1.2333 

1.24 

0.2764 

Helium (He) 

4.003 

5.19^4 

3.1189 

1.666 

2.077 

Hydrogen (H 2 ) 

2.016 

14.3136 

10.190 

1.4 

4.125 

Hydrazine (N 2 H 4 ) 

32.048 

1.6453 

1,3815 

1.195 

0.2594 

Methane (CH 4 ) 

16.043 

2.1347 

1.6164 

1.321 

0.5183 

Neon (Ne) 

20.183 

1.0298 

0.6179 

1.666 

0,4120 

Nitrogen (N 2 ) 

28.016 

1.0399 

0.7431 

1.399 

0.2968 

Oxygen (0 2 ) 

32 

0.9185 

0.6585 

1.395 

0.2598 

Propane (C 3 H 8 ) 

44.094 

1.6683 

1.4799 

1.127. 

0.1886 

Sulphur dioxide (S0 2 ) 

64.07 

0.6225 

0.4927 

1.263 

0.1298 

Water vapour (H 2 0) 

18.016 

1.8646 

1.4033 

1.329 

0.4615 

Xenon (Xe) 

131.3 

0.1582 

0.0950 

1.666 

0.0633 
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INTERNAL COMBUSTION ENGINES 


APPENdlX-m 


PHYSICAL PROPERTIES OF SELECTED FLUIDS 


Tempera¬ 
ture T (K) 

Density p 
(kg/m 3 ) 

Specific 
heat (c) 

(J/kg-K) 

Thermal 
conduc¬ 
tivity f( 
(W/m-K) 

Thermal 
diffusivity 
ax 10* 
(m 2 /s) 

Absolute 
viscosity 
p x 10 6 

(N.s/m 2 ) 

Kinematic 
viscosity 
v x 10 6 
(m 2 /s) 

Prandtl 

number 

(Pr) 

Dry air at atmospheric pressure 






273 

1.252 

1011 

0.0237 

19.2 

17.456 

13.9 

0.71 

293 

1.164 

1012 

0.0251 

22.0 

18.240 

15.7 

0.71 

313 

1.092 

1014 

0.0265 

24.8 

19.123 

17.6 

0.71 

333 

1.025 

1017 

0.0279 

27.6 

19.907 

19.4 

0.71 

353 

0.968 

1019 

0.0293 

30.6 

20.790 

21.5 

0.71 

373 

0.916 

1022 

0.0307 

33.6 

21.673 

23.6 

0.71 

473 

0.723 

1035 

0.0370 

49.7 

25.693 

35.5 

0.71 

573 

0.596 

1047 

0.0429 

68.9 

39.322 

49.2 

0.71 

673 

0.508 

1059 

0.0485 

89.4 

32.754 

64.6 

0.72 

773 

0.442 

1076 

0.0540 

113.2 

35.794 

81.0 

0.72 

1273 

0.268 

1139 

0.0762 

240 

48.445 

181 

0.74 

Water at saturation 

pressure 






273 

999.3 

4226 

0.658 

0.131 

1794 

1.789 

13.7 

293 

998.2 

4182 

0.59/ 

0.143 

993 

1.006 

7.0 

313 

992.2 

4175 

0.633 

0.151 

658 

0.658 

4.3 

333 

983.2 

4181 

0.658 

0.159 

472 

0.478 

3.00 

353 

971.8 

4194 

0.673 

0.165 

352 

0.364 

2.25 

371 

958.4 

4211 

0.682 

0.169 

278 

0.294 

1.75 

393 

963.4 

4501 

0.685 

0.170 

139 

0.160 

0.95 

Refrigerant R12 (CCIJF^, saturated liquid 





223 

1547 

875.0 

0.067 

5.01 

4.796 

0.310 

6.2 

233 

1519 

884.7 

0.069' 

5.14 

4.238 

0.279 

5.4 

243 

1490 

895.6 

0.069 

5.26 

3.770 

0.253 

4.8 

253 

1461 

907.3 

0.071 

5.39 

3.433 

0.235 

4.4 

263 

1429 

920.3 

0.073 

5.50 

3.158 

0.221 

4.0 

273 

1397 

934.5 

0.073 

5.57 

2.990 

0.214 

3.8 

283 

1364 

949.6 

0.073 

5.60 

2.769 

0.203 

3.6 

293 

1330 

965.9 

0.073 

5.60 

2.633 

0.198 

3.5 

303 

1295 

983.5 

0.071 

5.60 

2.512 

0.194 

3.5 

313 

1257 

1001.9 

0.069 

5.55 

2.401 

0.191 

3.5 

323 

1216 

1021.6 

0.067 

5.45 

2.310 

0.190 

3.5 

Unused engine oil, saturated liquid 





273 

899.1 

1796 

0.147 

911 

3848 

4280 

471 

293 

888.2 

1880 

0.145 

872 

799 

900 

104 

313 

876.1 

1964 

0.144 

834 

210 

240 

28.7 

333 

864.1 

2047 

0.140 

800 

72.5 

83.9 

10.5 

353 

852.0 

2131 

0.138 

769 

32.0 

37.5 

4.90 

373 

840.0 

2219 

0.137 

738 

17.1 

20.3 

2.76 

393 

829.0 

2307 

0.135 

710 

10.3 

12.4 

1.75 

413 

816.9 

2395 

0.133 

686 

6.54 

8.0 

1.16 

433 

805.9 

2483 

0.132 

663 

4.51 

5.6 

0.84 
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APPENDIX-V 

DATA ON FUEL PROPERTIES 


INTERNAL COMBUSTION ENGINES 


+ 

MON 

i i i i 

00 

120 

97 

100 

115 

109 

92 

89 


Fuel 

octane 

rating 

RON 

92.98 

120 

112 

100 

120 

106 

107 


(FIA) 

0.0685 

0.0690 

0.0697 

0.069 

0.0580 

0.0638 

0.0661 

0.0675 

0.0753 

0.0741 

0.155 

0.111 

0.0869 

0.405 

0.0292 

(A IF) 

14.6 

14.5 

14.4 

14.5 

17.23 

15.67 

15.13 

14.82 

13.27 

13.50 

6.47 

9.00 

11.51 

2.467 

34.3 

LHV 

of 

stoich. 

mixture 

kJlkg 

2830 

2740 

2760 

2900 

2720 

2750 

2750 

2780 

2820 

2790 

2680 

2690 

2700 

2910 

3400 

Lower 

heating 

value 

kJlkg 

44000 

42500 

41400 

45000 

50000 

46400 

44300 

44000 

40200 

40600 

20000 

26900 

33800 

10100 

120000 

Higher 

heating 

value 

kJlkg 

47300 

44800 

43800 

50000 

55500 

50400 

47800 

47300 

41900 

42500 

22700 

29700 

33800 

10100 

142000 

Specific heat 

$ * 
1 ** 
1" 5 

1.7 

1.7 

1.7 

2 

2.2 

1.6 

1.63 

1.6 

1.1 

1.1 

1.72 

1.93 

1.05 

1.44 

Liquid 
kjf kgK 

2.4 

2.2 

1.9 

0.63 

2.5 

2.1 

1.72 

1.68 

2.6 

2.5 

l l l 

* Isa 

305 

270 

230 

l 

; 509 

426 

308 

358 

433 

412 

1103 

840 

l I l 

Specific 

gravity 

0.72-0.78 

0.84-0.88 

0.82-0.95 

0.79 

(0.72) 
0.51 (20) 

0.692 

0.773 

0 879 

0.867 

0.792 

0.785 

-2 

(1.25) 

(0.0901) 

Mole - 
cular 
weight 

110 

170 

200 

18 

16.04 

44.10 

114.23 

226.44 

78.11 

92.14 

32.04 

46.07 

12.01 

28.01 

2.015 

Fuel Formula 

(phase) 

Commercial petroleum fuels 

Gasoline C„H 187 „(1) 

Light diesel C^Hj gn (1) 

Heavy diesel 7n (1) 

Natural gas C„H 3 to N 0I „(g) 

^ /-N H 

S 8 

M tfX X *«, X X 
g O O O O Q O 

1 

a 

o 

0 

u 

11 s i g i a 

£ J | t 1 g § 

£ 1 £ | o m h 

O °o 

EC « 

Q U 

& -3 _ 

O G *3 

2 ti 

0 rt 

3 a « 

Other Fuels _ .. 

Carbon C(s) 

Carbon, monoxide CO(g) 

Hydrogen H 2 (g) 
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APPEND IX-VI 

REQUIREMENTS FOR MOTOR GASOLINES (IS : 2796-1971) 


9 


S.No. 

Characteristics 

Requirements 

83 Octane 

93 Octatie 

( i) 

Colour, visul 

Orange 

Red 

( ii) 

Copper-strip corrosion for 3 hours at 50°C 

Not worse 

No. 1 

(Hi) 

Density at 150°C 

Not limited but to be reported 


(iv) 

Distillation : 




(a) Initial boiling point 

Not limited but to be reported 



(6) Recovery up to 70°C, per cent by volume, Min 

10 

10 


(c) Recovery up to 125°C, per cent by volume, Min 

50 

50 


(d) Recovery up to 180°C, per cent by volume, Min 

90 

90 


(e) Final boiling point, Max 

215°C 

215°C 


( f ) Residue, per cent by volume, Max 

2 

2 

(v) 

Octane number (Research method), Min 

83 

93 

(vi) 

Oxidation stability, in minutes, Min 

360 

360 

(uii) 

Residue on evaporation, mg/100 ml. Max 

4.0 

4.0 

( viii ) 

Sulphur, total, per cent by weight, Max 

0.25 

0.20 

Ox) 

Lead content (as Pb), g/1, Max 

0.56 

0.80 

(x) 

Reid vapour pressure at 380°C, bar, Max 

0.70 

0.70 


APPENDIX-VII 

REQUIREMENT FOR DIESEL FUELS (IS : 1460-1974) 


SJVa 

Characteristics 

Requirements 

HSD 

LDO 

( i ) 

Acidity, inorganic 

NIL 

NIL 

Hi) 

Acidity, total mg of KOH/g (max) 

0.50 


( iii ) 

Ash, per cent by mass, max 

0.01 

0.02 

(iu) 

Carbon residue (Ramsbottom), per cent by mass (max) 

0.20 

1.50 

(v) 

Cetane number (min) 

42 


(vi) 

Pour point (max) 

6°C 

12°C for winter 




18°C for summer 

(vii) 

Copper strip corrosion for 3 hrs at 100°C 

90 

_ 

(viii) 

Flash point: 




(a) Abel, °C (min) 

38 



(6) Pensky-Martens (closed), °C, (min) 

_ 

66 

(ix) 

Kinematic viscosity, CS, at 38°C 

20 to 7.5 

2.5 to 15.7 

(x) 

Sediment, per cent by mass, (max) 

0.05 

0.10 

(xi) 

Total sulphur, per cent by mass, (max) 

1.0 

1.8 

(xii) 

Water content, per cent by volume, (max) 

0.05 

0.25 

(xiii) 

Total sediments, mg per 100 ml, (max) 

1.0 

— 


A 
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INTERNAL COMBUSTION 


APPENDIX-Vm 

SPECIFICATIONS FOR DIESEL FUELS 


Property 

BS 2869 

Class A1 

Class A2 

Viscosity, kinematic at 37.8 a C 

min. 

1.5 

1.5 

(centistokes) 




Cetane number 

max. 

5.0 

5.5 

Carbon residue, Ramsbottom per 

min. 

50 

45 

cent by mass on 10 per cent residue 




Distillation, recovery at 350°C, per 

max. 

0.2 

0.2 

cent by volume 




Flashpoint, closed 

min. 

85 

85.0 

Pensky Martins “C 

min. 

56 

56 

Water content, per cent by volume 

max. 

0.05 

0.05 

Sediment, per cent 

max. 

0.01 

0.01 

Ash, per cent by mass 

max. 

0.01 

0.01 

Sulphur 

max. 

0.3 

0.5 

Copper corrosion test 

max. 

1 

1 

Cold filter plugging point (°C) max. 

Summer (16 Mar730 Sept.) 

-4 

0 


Winter (1 Oct./15 March) 

- 15 

-9 


APPENDIX-EX 

AVIATION TURBINE FUELS 


Characteristics 

ASTMD1655 

Mil-J-5624 

Mil 

F-46005 A 

Designation 

Jet A 

JP-1 

JP-4 

JP-5 

CITE-II 




(up M = 2) 

M = 2 to 3 


Flashpoint, °C (min-max) 

43-46 

43 (min) 




Freezing point, °C (max) 

-40 

-60 

-60 

-48 

-55 

Gravity, API (min-max) 

39 - 51 

35 (max) 

45-57 

36-48 


Vapour pressure, Reid, icef/cm 2 cause 



0.14-0.21 


0.21 

(min-max) 






Distillation, °C 






10% max 

204 

210 


204 

93 

20% max 



143 



50% max 

232 


188 


163 

90% max 


254 

243 



EP max 

288 

300 


288 

288 

Heating value, lower, kcal/kg, min 

10220 

10167 

10220 

10167 


Sulphur, % by mass, max 

0.3 

0.2 

0.4 

0.4 

0.4 

Smoke point, mm (min) 

25 



20 


Aromatic, vol % max 

20 

20 

25 

25 

25 * 

Potential gum, mg/100 ml (max) 

14 

8 

14 

14 

14 
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APPENDIX-X 

SAE CLASSIFICATION OF LUBRICATING OILS 


SAE viscosity 
number 

Viscosity 

units 

Viscosity ranges 

18° C 

99°C 

Min. 

Max. 

Min. 

Max. 

5W 

Centipoises 

— 

1200 

>— 

— 


SUS 

— 

6000 

— 

— 

10W 

Centipoises 

1200 

2400 

— 

— 


SUS 

6000* 

12000 

— 

— 

20W 

Centipoises 

2400 

9600 

— 

— 


SUS 

12000** 

48000 

— 

— 

20 

Centistokes 

— 

— 

5.7 

9.6 


SUS 

— 

— 

45 

58 

30 

Centistokes 

— 

— 

9.6 

12.9 


SUS 

— 

— 

58 

70 

40 

Centistokes 

— 

— 

12.9 

16.8 


SUS 

— 

— 

70 

85 

50 

Centistokes 

— 

— 

16.8 

22.7 


SUS 


— 

85 

110 


* Minimum viscosity at - 18°C may be waived provided viscosity at 99° C is below 40 SUS. 

** Minimum viscosity at — 18°C may be waived provided viscosity at 99°C is not below 45 SUS. 


APPENDIX-XI 

MAJOR CLASSES OF ENGINE OIL ADDITIVES AND THEIR PRIMARY FUNCTIONS 


Additive class 

Function 

Detergent 

Dispersent 

Anti-wear 

Anti-rust 

V.I. improver 

Pour point depresent 

Anti-foam 

Anti-oxidant 

Control of high-temperature deposits. If overbased, also acts as effective acid 
neutralizer. 

Control of low-temperature sludge and varnish deposits. 

Reduce wear and prevent scoring, galling and seizure. 

Reduce rusting by acid neutralization of formation by protective film. 

Increase V.I. of oil, thereby reducing sensitivity of oil viscosity to temperature. 
Reduce pour point of oil by interfering with wax crystallization. 

Reduce oil foaming by causing collapse of bubbles due to air entrainment. 
Reduce oil oxidation to protect alloy bearings against corrosive attack. 
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INTERNAL COMBUSTION ENGINES 


APPEND IX-XII 

TYPICAL COMPOSITIONS OF LPG 


Constituents 

% by weight 


I 

II 

III 

Ethane 

1.8 

4.4 

1.7 

Propane 

93.1 

64.0 

34.1 

Propylene 

2.8 

28.7 

62.1 

Butane 

2.3 

2.9 

2.1 

Total 

100.0 

100.0 

100.0 


APPENDDC-Xm 

TYPICAL COMPOSITION OF NATURAL GAS 



Constituents 

% by volume 

1. 

Methane, CH 4 

80 

2. 

Ethane 

7 

3. 

Propane 

6 

4. 

Isobutane 

1.5 

5, 

Butane 

2.5 

6. 

Pentane plus vapours 

3.0 

Total 

100.0 
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Type, of gas 

Main 

Constituents 

LHV - 
Kcal J m 3 
(Low heat 
value) 

Theoretical air 
requirement 
(m 3 air Im 3 
gas) 

Ignition 
limits in 
% of air 

Specific 

weights 

(kgfm 3 ) 

Methane 

number 

Hydrogen 

H 2 

2570 

2.38 

4-80 

0.0889 

0 

Methane 

ch 4 

8550 

9.50 

5-15 

0.7170 

100.0 

Ethane 

C 3 H S 

15370 

16.90 

3-14 

1.3600 

43.5 

Propane 

c 3 h 8 

22300 

23.80 

2.1 - 8.5 

1.9600 

35.0 

Butane 

c 4 h 10 

29500 

32.00 

1.5 - 8.5 

2.6000 

10.5 

Blast-furnace gas 
PRODUCER GAS 

CO ; N 2 ; C0 2 

700-950 

0.74 

12-70 

1.2800 

— 

Manufactured gas 

CO; H 2 

100-1300 

1.00 

20-70 

1.1000 

33.0 

Sewage gas (biogas) 

CH 4 ; C0 2 

5500 

6.00 

— 

1.1000 

130.0 

Natural gas 

CH 4 ;C 2 H 6 ;C 3 H s 

C 4 H 10 ;N 2 

7000 - 950(1 

8 - 10.7 

5-15 

0.7600 

90.0 

Liquified gas (LPG) 

C 3 H 8 ;C 4 H 10 

23000 - 32000 

— 

1.5 - 20 

— 

10-35 


1 Standard cubic metre (m 3 ) equals 1 cubic metre of gas at 0°C and 760 mm of mercury. 


APPENDIX-XV 

GENERAL COMPOSITION OF BIOGAS 
PRODUCED FROM FARM WASTES 



Volume % 

CH 4 —Methane 

54 to 70 

C0 2 —Carbon dioxide 

27 to 45 

H 2 —Hydrogen 

1 to 10 

CO—Carbon monoxide 

Oto 1 

0 2 —Oxygen 

Oto 1 

H 2 S—Hydrogen sulphide 

Traces 




/ 
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INTERNAL COMBUSTION ENGINES 


appendix-xvi 

PROPERTIES OF GOBAR GAS AS I.C. ENGINE FUEL 


Calorific value 

21500 kJ/m s 

19550 kj/kg 

Density 

1.1 kg/m 3 

Stoichiometric requirements 
for combustion (Air/Fuel Ratio) 

6 m 3 Air/m 3 gas 

Flammability limits 

5 to 15% vol. in air-gas mixture 

Knock resistance 

130 methane number 


(Pure methane 100) 

Ignition temperature 

About 700“C 


APPENDBC-XVTI 


TYPICAL VALVE TIMINGS FOR FOUR-STROKE SI ENGINES 


Position 

Theoretical 

Actual 

Low speed engine 

High speed engine 

Inlet valve opens (IVO) 

Inlet valve closes (IVC) 

Inlet valve is open for 

TDC 

BDC 

180° 

10° b TDC 

10° a BDC 

200° 

10° b TDC 

60° a BDC 

250° 

Exhaust valve opens 

Exhaust valve closes 

Exhaust valve is open for 

BDC 

TDC 

180° 

25° b BDC 

5° a TDC 

210° 

55° b BDC 

20° a TDC 

255° 

Valve overlap 

Spark. 

. ir-l_. ■ 

Nil * 

TDC | 

15° 

15° b TDC 

30° 

30° b TDC 


Note: Valve timing is different for different makes of engines, 
b—before, a—after, TDC—Top dead centre, BDC—Bottom dead centre. 


ai 


Visit: www.Civildatas.com 


APPENDIX 


15 


APPENDK.XVin 

PORT TIMINGS FOR DIFFERENT TWO-STROKE ENGINES. 


Engine type 

Exhaust 

Lead angle 
deg. 

Scavenge 

Super- 
charge deg. 

Opens 

Closes 

Opens 

Closes 

1. Crankcase scavenging 

60-76 

60-67 

10-20 

45-60 

45-60 

0 

2. Loop scavenging 

60-76 

60-76 

10-20 

45-6Q 

45-60 

0 

3. Uniflow scavenging 

80-90 

38-59 

20-40 

38-55 

38-55 

o 

I 

o 

4. Opposed piston 

60-67 

50-67 

10-20 

50-65 

50 - 65 

10-20 


APPENDIX-XIX 

APPLICATION OF I.C. ENGINES 


Application 

Approxengine 
power, kW 

Predominant 
type SI or Cl 

Cycle 

Cooling 
[A = Air 

W - water] 

1. Road vehicles 

(t) Mopeds, Scooters, Motor cycles 

0.75 - 7 

SI 

2,4 

A 

(ii) Small passenger car 

15-75 

SI 

4 

A, W 

(iii) Large passenger car 

75-200 

SI 

4 

W 

(iu) Light commercial 

35-150 

SI, Cl 

4 

W 

(u) Heavy commercial 

120 - 300 

Cl 

4 

W 

2. Railway locomotives 

400 - 3000 

Cl 

2,4 

w ! 

3. Small aircraft 
(i) Helicopters 

45-1500 

SI 

4 

A 

(ii) Airplane! 

45 - 2700 

SI 

4 

A 

4. Marine 

(*) Motor boats 

0.5 - 7.5 

SI, Cl 

4 

W 

(ii) Ships 

3500 - 22000 

Cl 

2,4 

w 

5. Off-road vehicles 

( i ) Light vehicles (factory, airport etc.) 

1.5 - 15 

SI 

2,4 

A, W 

(ii) Agriculture 

3-150 

SI, Cl 

2,4 

A, W 

(iii) Earth moving 

40 - 750 

Cl 

2,4 

W 

(in) Military 

40 - 2000 

Cl 

2,4 

A, W 

6. Industrial, Stationary 
(i) Electric power 

35 - 22000 

Cl 

2,4 

W 

(ii) Others 

5-400 

Cl 

2,4 

W 

(iii) Gas Pipeline 

750 - 5000 

SI 

2,4 

W 

7. Home use-lawn movers 

0.7-3 

SI 

2,4 

A 
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INTERNAL COMBUSTION ENGINES 


APPENDIX-XX 

IGNITION SYSTEM CHARACTERISTICS 


System 
(12 volt) 

Rise time 
p sec 

Arc duration 
psec 

Energy 

mj 

Available voltage and 
drop off rpm 

kV 

rpm 

Conventional 

80 - 200 

1000 - 2000 

20-60 

20-25 

2000 

Transistor (TAC) 

60 - 200 

1000 - 3000 

60-100 

20-30 

3000 

Transistor (CD)* 

1-100 

5 - 300 

5-100 

15-30 

8000 

Magneto 






Low-tension 

60+ 

500 

20 

18-25 

6000 

High-tension 

50 + 

400 

20 

18-25 

6000 


* Eight cylinder engine, single coil. 

+ At nominal speed (2500 rpm) and same capacitance load. 


APPENDIX-XXI 

COMPARATIVE IGNITION SYSTEM DATA OF SOME INDIAN AUTOMOBILES 



Hindustan 

Ambassador 

Fiat 1100 

Jeep universal 

Dodge f Fargo 
Model 89, M4 
(Petrol type) 

- 1 . 

Type of ignition 

Battery 

Battery 

Battery 

Battery 

2. 

Ignition coil 

Lucas Model 

Prestolite 

Prestolite 200713 

Prestolite 



LA 12 



CAH 4001 

3. 

Distributor 

Lucas DM 2 

Lucas 

Prestolite 

IBR-4002 





I AY-4401 


4. 

Control breaker gap 

0.36 - 0.40 mm 

0.45 ± 0.03 mm 

0.5 mm 

0.457 - 0.559 mm 

5. 

Type of automatic 

Centrifugal and 

Centrifugal 

Centrifugal 

Centrifugal and 


ignition advance 

vacuum 



vacuum 

6. 

Spark plug 

Mico Bosch HW 

M14-1/225 14 mm 

Mico Bosch HW 

Mico Bosch HW 



145 T 2 or KLG 50, 


145 T3 or 

145 T3 or 



14mm 


KLG-TF-550, 

KLG-TFS-50 




14 mm 



7. 

Spark plug gap 

0.64 mm 

0.5-0.6 mm 

0.76 mm | 

0.7—10.81 mm 


\ 
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APPEND IX-XXII 

RELATIVE HEAT LOSS DURING DIFFERENT PHASES OF THE CYCLE 
OF A SI ENGINE FOR A PARTICULAR DESIGN 


Part of cylinder 

Fraction of total heat flow to coolant 

including piston friction 

not including piston friction 

Head and valve seat 

0.5 to 0.55 

0.57 to 0.63 

Barrel 

0.27 to 0.32 

0.16 to 0.18 

Exhaust port 

0.17 to 0.22 

0.20 to 0.25 


APPEND IX-XXIII 

RELATIVE HEAT LOSS TO COOLANT DURING DIFFERENT PHASES OF CYCLE 


Phase 

Duration 

crankshaft 

degrees 

Average 
relative area 
exposed 

Estimated 
average 
temperature, K 

Average 
temperature 
difference, °C 

Heat loss 

Relative % 

% heat in 
fuel 

Inlet 

180 

0.7 

320 

- 110 

- 2 

-0.3 

Compression 

150 

0.7 

470 

35 

1 

0.2 ' 

Combustion 

40 

0.4 

1600 

1170 

8 

1.2 

Expansion 

125 

0.7 

2160 

1720 

40 

6.0 

Blow down 

90 

1.3 

1820 

1390 

48 

7.2 

Exhaust 

135 

1.3 

1150 

720 

5 

0.7 





Total 

100 

15 
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INTERNAL COMBUSTION ENGINES 


APPENDIX-XXrV 

EFFECT OF VARIABLES ON DELAY PERIOD 


S.No. 


1 . 

2 . 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10 . 

11 . 

12 . 


Increase in variable 


Cetane number of fuel 
Injection pressure 

Injection advance angle 

Compression ratio 


Intake temperature 
Jacket water temperature 

Fuel temperature 

Intake pressure 
(supercharging) 

Speed 

Load (fuel-air-ratio) 
Engine size 


Type of combustion 
chamber 


Effect on delay period 


Reduces 

Reduces 

Increases 

Reduces 


Reduces 

Reduces 

Reduces 

Reduces 

Reduces in milliseconds, 
increases in crank angle. 
Decreases 

Little effect in milli seconds 
but crank angle decreases. 
Lower for precombustion 
chamber 


Reason 


Reduces self-ignition temperature. 
Greater surface-volume ratio hence 


Pressures and temperatures lower 
when injection begins. 

Increases air temperature and pres¬ 
sure and reduces auto-ignition tern 
perature. 

Increases air temperatures. 
Increases wall and hence air 
temperature. 

Better vaporisation and increases 
chemical reaction. 

Increase in density reduces auto¬ 
ignition temperature. 

Less loss of heat more crank angle in 
a given time. 

Operating temperature increases. 

Low r.p.m. 


EFFECTS OF < 


appendix-xxv 



Characteristics 

Spark ignition engines 

Compression ignition engines 

1 . 

2. 

3. ' 

4. 

5. 

6. 

7. 

8. 

Compression ratio 

Inlet temperature 

Inlet pressure 

Ignition temp, of fuel 

Time lag of fuel 

Speed 

Cylinder size 

Combustion chamber wall temperature, 

Low 

Low 

Low 

High 

Long 

High 

Small 

Low 

High 

High 

High 

Low 

Short 

Low 

Large 

High 
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APPENDIX-XXVT 

EXHAUST EMISSION STANDARDS FOR INDIAN VEHICLES 

Refer table - 1 for exhaust emission standards for gasoline engines driven vehicles for two wheel¬ 
ers, three wheelers, passenger cars and Diesel engines driven vehicles of gross weight >3.5 tonnes and 
also < 3.5 tonnes for Indian driving cycles. 

Table-1 


Category of vehicles 
and exhaust emissions 

Standards 

effective 

April 1991* 

** 

Standards 

effective 

April, 1996 
*** 

^ Standards 

proposed 

April, 2000 
**** 

GASOLINE: 


- ■ * 


Two Wheelers: 




(a) CO g/km 

12-30 

4.5 

2.0 

(6) HC g/km 

8-12 

— 

— 

(c)( HC + NO x )g/km 

— 

3.6 

1.5 

Three Wheelers: 




(a) CO g/km 

12-30 

6.75 

4.0 

(6) HC g/km 

8-12 

— 

— 

(c) (HC + N0 X ) g/km 

Passenger Cars: 


5.40 

1.5 

(a) CO g/km 

14.3 - 27.1 

8.68-12.40 

2.72 

(b) HC g/km 

2.0-2.9 

— 

— 

(c) (HC + N0 X ) g/km 

— 

3.00 - 4.36 

0.97 

DIESEL VEHICLES: 

A: Gross Vehicle Weight 
>3.5 tonnes 




(a) CO g/kWh 

14.0 

11.2 

4.5 

(6) HC g/kWh 

3.5 

2.4 

1.1 

(c) NO x g/kWh 

18.0 

14.4 

8.0 

id) PM g/kWh 

— 

— 

0.36 

B : Gross Vehicle Weight 
< 3.5 tonnes 




(a) CO g/kWh 

14.3 - 27.1 

5.0 - 9.0 


(6) (HC + NO x ) g/kWh 

2.7 - 6.9 

2.0 -4.0 



* For diesel vehicles, the standards were effective from April 1992. 

** Based on reference mass of the vehicles and Varm start’ on Indian driving cycle. 
♦** Based on capacity of the engine and ‘cold start’ on Indian driving cycle. 

**** Applicable to all categories of the engine and ‘cold start’ on Indian driving cycle. 
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INTERNAL COMBUSTION ENGINES 

Euro Norms at a Glance 

cles and E Sk s "vrdu^WclTare3S ^ passen ® er cars - light duty vehi- 
• Petrol Driven Passenger Cars : 


CO g/ km 
HC g/km 
NO x g/km 
HC + NO x g/kg 


199 

1/92 

1996 

1.998 

1996 

2000 

2005 

INDIA 

EURO-I 

India”- 

INDIA 

EURO-II 

INDIA 

EURO-III 

EURO-IV 

14.3-27.1 
2.0-2.9 

S for Pass<m 

2.72 

0.97 

8.68-12.4 

3.4 - 4.36 

4.34-6.20 

1.5-2.18 

2.2 

0.57 

2.72 

0.97 

2.3 

0.20 

0.15 

1.0 

0.1 

0.08 


2. In case of Euro HI and Euro IV COP T “T ^ 
Diesel Driven Passenger CaTT = ** aPPr °" d ^ 



191 

INDIA 

91/92 ~I 

CO g/km 

HC g/km 

NO x g/km 

HC + NO x g/km 
PM g/km 

___l 

14.0 (g/kWh) 
3.5 (g/kWh) 
18.0 (g/kWh) 

EURO-I 

2.72 

0.97 (IDI) 
1.36 (DI) 

0.14 (IDI) 
0.19 (DI) 


INDIA 


5.0-9,0 


2.0-4.0 


996 

EURO-II 

2000 

INDIA f EURO-III 

1.00 

2.72-6.90 

0.6 

0.7 

0.97-1.70 

0.56 

| 0.08 

0.14-0.25 

0.05 


“ 1 

— 


2 r f , . -*** approved torms = COP norms 

^StSS dyna “ (in — 

and GVW less than 17 tonnes.^ r6ferS ‘ 0 passen 6 ;er cars with bating capacity less than 6 
DieseHjght Duty VehicI es < 3.5 tonnes : 

1991J92 


CO 


HC 


NO r 

HC + NO 
PM 


INDIA 


14.0 (g/kWh) 
3-&(gfayh) 
18 (g/kWh) 



2.72 - 6.90 2 (g/km) 


0-97-1.7 3 (g/km) 
0-14-0.7 (g/km) 


H.2 1 g/km 
or 

5.0-9.0 3 
2.4 ! g/kWh 
or 

HC + NO^ norms 
14.4 1 g/kWh) 
2.0 -4.0 3 (g/km) 


1.0-1.5 


0.7-1.3 2 


1^13 mode 2 = EDC + EUDC 3 - Indian drmng c7de 


4.5 1 (g/kWh) 
or 

2.75-6.90 3 (g/km) 
U g/kWh 
or HC + NO x norms 

8.0 1 g/kWh 
0.97- 1.70 3 (g/km) 

0.61 kWh 
or 

0.14-0.25 


> (g/km 3 ) | 
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• Diesel Heavy Duty Vehicles > 3.5 tonnes : 



1991/92 

1996 

2C 

>0d 

INDIA 

EURO-I 

INDIA 

EURO-II 

INDIA 

EURO-III 

CO g/kWh 

HC g/kWh 

NO x g/kWh 

PM > 85 kWg/kWh 
PM < 85 kWg/kWh 

14.0 

3.5 

18.0 

4.5 

1.10 

8.00 

0.36 

0.61 

11.2 

2.4 

14.4 

4.00 

1.10 

7.00 

0.15 

0.15 

4.5 

1.10 

8.00 

,0.36 

0.61 

2.1 

0.66 

5.0 

0.1 

0.1 


APPENDIX-XXVn 

COMPARISON OF THERMAL AND CATALYTIC CONVERTER 


Oxidising systems 

Catalytic reactors 

Thermal reactors 

Possible Advantages 

Reduce^ HC and CO 

Reduces NO 

Reduces aldehydes 

Use same design for all vehicles 

Long life 

Possible Disadvantages 

Cost 

Volume 

Engine mounting required 

Weight added 

Container durability problem 

Potential over temp, problem 

Raises engine compartment temperature 
Requires non-leaded fuel 

Requires air injection 

Lowers fuel economy 

Decreases power 

Loss of catalytic material due to attrition 
May emit other toxic material 

80-90% 

No 

50% or more 

Hopefully 

Up to 50000 miles 

High 

High 

No 

Some 

Yes 

Yes 

Depends upon location 
Probably 

Some do 

No 

Depends upon back 
. Pressure 

Yes 

Yes 

80-90% 

No 

50% or more 

Hopefully 

Up to 100000 miles 

High 

Higher 

Yes 

Significant 

Yes 

Yes 

Yes 

No 

Some do 

! Probably yes (depends 

Upon mixture 
Requirement) 

Depends upon back 
Pressure 

No 

No 


t 


i 
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INTERNAL COMBUSTION 

append ix-xxvin 

EMISSION CHARACTERISTICS OF VARIOUS ENGINES 


Emission 

Four-stroke 

turbocharged 

Two-stroke air 

-—7------- 

Four-stroke, normally aspirated 


scavenged 

Medium speed 

High speed 

1. HC 

2. NO, 

3. RCHO 

4. Smoke 

Low 

High 

Medium 

Low 

High 

Medium 

Low 

Low 

Low 

Low 

Low 

High 

High 

Low 

High 

High 


APPENDIX-XXIX 

INFLUENCE OF OPERATIONAL MODES ON EMISSION LEVELS 


Engine exhaust constituent 

Concentration values as measured in exhaust gas 

Idle 

Acceleration 

Partial load 

Full load 

Two-cycle engine 





1. HC, ppm C 

250 

500 

350 

550 

2. NO x , ppm 

180 

1200 

1100 

1250 

3. RCHO, ppm 

17.0 

9.3 

1.0 

5.5 

4. Smoke, Hartridge unit 

4 

44 

4 

10 

5. Odour, diesel intensity Turk 

3.6 

4.1 

3.0 

35 

6. CO % 

0.01 

0.24 

0.01 

0.34 

7. C0 2 % 

0.83 

5.42 

3.79 

5.29 

Four cycle normally aspirated 





medium speed engine 





1. HC, ppm C 

180 

330 

210 

150 

2. NO x , ppm 

330 

920 

590 

780 

3. RCHO, ppm 

7.9 

7.5 

4.9 

1.6 

4. Smoke, Hartridge unit 

4 

44 

4 

10 

5. Odour, diesel intensity (Turk) 

3.6 

4.1 

3.4 

3.5 

6. CO% 

0.02 

0.08 

0.04 

0.26 

7. C0 2 % 

2.56 

3.40 

5.33 

. 

6.68 


APPEND IX-XXX 

EXHAUST EMISSION FROM SELECTED ENGINES, m gig FUEL 


Engine 

CO 

HC (as hexane) 

1. SI engine, 50 kmph 

241 

6.1 

2. SI engine, cold start 

513 

35 

3. SI engine normal load 

407 

35 

4. Regenerative gas turbine, 50 kmph 

5.3 

0.3 

5. Gas turbine, cold start 

5.0 

1.1 

6. Aircraft turbojet 

3.3 

0.4 


i-i 

r 
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A 

Actual cycles, 181 
Adiabatic flame temperature, 296 
Air compressors, 664 
classification of, 665 
reciprocating, 666 

— air motor, 689 

— compressor performance, 687 

— construction, 666 

— control of compressors, 687 

— intercooler, 688 

— effect of clearance volume, 685 

— efficiency of compressor, 683 

— multistage compression, 674 

— volumetric efficiency, 671 
rotary, 741 

— axial flow compressor, 773 

— centrifugal compressor, 750 

— classification, 741 

— displacement compressor, 742 
Air capacity of four-stroke engines, 248 

actual air capacity, 248 
ideal air capacity, 249 
inlet valve mach index, 253 
volumetric efficiency, 249 
Air pollution (from I.C. engines), 612 
diesel engine emissions, 627 
diesel odour and control, 629 
diesel smoke and control, 629 
pollutants, 612 
S.I. engine emission, 615 
S.I. engine emission control, 619 
zero emission, 632 
Alcohol, 318 
Air standard cycles, 85 
Air standard efficiency, 85 
Atkinson cycle, 138 

B 

Battery ignition system, 442 


Index 

1 — — -t--—’ 

Biogas, 327 

Bomb calorimeter, 294 

Brayton cycle, 142 

c 

Carburettors, 381 

aircraft carburettors, 390 
carter carburettor, 385 
solex carburettor, 383 
S.U. carburettor, 387 
type of, 382 
Carburetion, 367 

factors influencing, 368 
Carnot cycle, 86 
Cetane number (CN), 314 
Chemical equilibrium, 297 
Chemical thermodynamics, 282 
Complete carburettor, 373 
Combustion in C.I. engines, 226 
cold starting of C.I. engines, 244 
combustion chambers, 237 
combustion phenomenon, 227 
delay period (or ignition lag), 234 
diesel knock, 236 
factors affecting, 229 
Combustion is S.I. engines, 201 
combustion chambers, 218 
combustion phenomenon, 202 

— abnormal combustion, 204 

— normal combustion, 202 
definition of combustion, 201 
detonation, 208 

ignition limits, 201 
pre-ignition, 205 
Conventional fuels, 298 
Crankcase ventilation, 478 

D 

Detonation, 208 
control of, 210 


Visit: www.Civildatas.com 

































































Visit: www.Civildatas.com 


internal combustion engines 


effects of, 210 
theories of, 210 
process of, 208 
Diesel cycle, 110 
Delay period, 234 
Diesel knock, 236 
Dissociation, 171 
Dual combustion cycle, 120 
Dual-fuel engines, 638 

E 

Electronic fuel injection, 394 
Electronic ignition systems, 456 

— capacitive discharge ignition, 457 

— transistorised coil ignition, 456 
Engine cooling, 482 

cooling air and water requirements, 491 
- cooling systems, 493 

— air cooling, 493 

— liquid cooling, 496 
Engine friction, 461 

determination of, 464 
effect of engine parameter on, 463 
total engine friction, 461 
Engine cycle-energy balance, 39 
Engine starting systems, 429 

— compressed air system, 430 
starting by an auxiliasy engine, 429 

— use of electric motors, 429 
Enthalpy of formation, 293 
Enthalpy of reaction, 289 
Ethanol, 321 

F 

Flame propagation, 215 
Free piston engine plant, 659 
Four stroke cycle engines, 69 
otto engines, 69 
diesel engines, 71 f 
Fuel atomiser, 63, 423 
Fuel-air cycles, 162 
Fuel for S.I. engines, 305 
Fuel-air mixture requirements, 357 
Fuel-injection systems, 416 

— air injection, 416 

— solid or airless, 417 
Fuel pump, 62 

Fuel pump and Fuel injector, 420 


G 

Gas tables, 178 
Gas turbines, 804 
classification of, 804 
constant pressure, 806 

— closed cycle, 815 

— open cycle, 806 
constant volume, 820 
merits and demerits, 805 
uses of, 821 

Governing of I.C. engine, 553 

H 

Heat engines, 33 

external combination, 33 
internal combustion, 33 

Highest useful compression ratio (HUCR), 211 
312 

I 

I.C. engines, 2 
applications of, 38 
basic idea of, 40 
classification of, 35 
development of, 35 
different parts of 41 
terms connected with, 66 
Iglition delay, 311 
Ignition systems (S.I. engines), 441 
basic, 442 

— battery, 442 

— electronic, 456 

— magneto, 449 
requirements of, 441 

Indicator diagram, 69 
Induction swirl, 212 
Induction system, 367 
Inlet valve mach index, 253 

J 

Jet propulsion, 855 
pulse-jet engine, 874 
ram-jet, 873 
rocket engines, 875 
turbo-jet, 856 
turbo-prop, 872 
Junkers type calorimeter, 294 
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Lenoir cycle, 156 
LPG and LNG, 327 
Lubrication, 464 

— lubrication systems, 471 

— types of lubricants, 469 

M 

Magneto ignition system, 449 
Methanol, 319 
Miller cycle, 155 
Mixture requirements, 369 
transient, 371 
Morse test, 545 
Multi-fuel engines, 642 
performance of, 642 
requirements of, 642 

N 

Natural gas (Methane), 325 
Noise abatement, 554 
Nozzles, 426 


Octane' number (ON), 312 
Oil filters, 477 
Optimum F/A ratios, 360 
Orsat apparatus, 288 
Otto cycle, 94 


s 

Simple carburettor, 372 
Solex carburettor, 383 
Spark plug, 57 
Stirling cycle, 153 
Stirling engine, 645 
Stoichiometric A/F ratio, 286 
Stratified charge engine, 643 
Stroke-to-bore ratio, 216 
Structure of petroleum, 300 
Supercharging arrangements, 520 
Supercharging of C.I. engines, 518 
Supercharging of I.C. engines, 511 
Surface-to-volume ratio, 215 
Swirl ratio, 215 
' Squish and tumble, 213 


Theoretical air and excess air, 286 
Transient mixture requirements, 363 
Turbochargers, 521 
Turbulence, 214 

Two strokes cycle engines, 75, 267 
construction and working, 267 
crankcase scavenging, 277 
intake for 270 
scavenging parameters, 274 
scavenging process, 271 
scavenging pumps and blowers, 278 
scavenging systems, 275 


Performance of I.C. engines, 537 
basic measurements, 540 
performance curves, 549 
performance parameters, 537 
Performance number, 211 
Petrol injection, 391 
Pre-ignition, 205 


Quench area, 213 


Variable compression ratio engines, 656 

w 

Working cycles, 68 

Wankel rotary combustion engine, 650 
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